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ABSTRACT 


Objectives  of  the  program  were  to  study  the  effects  of  cyclic  oxidation  exposures 
on  the  properties  of  six  superalloy  foils  in  0. 18  (200, 000  feet),  10,  0  (100, 000  feet), 
and  760  Torr  for  use  in  hypersonic  vehicle  honeycomb  heat  shields.  The  six  superalloy 
foils  (0. 01  inch)  were  Rene*  41,  Inconel  718,  Inconel  625,  Haynes  25,  TD  Nickel,  and 
TD  Nickel/chromium.  Evaluation  was  by  creep  tests  and  before  and  after  reentry 
simulation  exposures  by  tensile  and  notch  tensile  teste  at  room  and  elevated  tempera¬ 
tures,  room  temperature  high  rate  tensile  tests,  and  axial  fatigue  tests  at  room  tem¬ 
perature  and  at  ductility  minimum  temperature.  Weight  change  data,  metallography, 
X-ray  diffraction,  gas  and  electron  microprobe  analyses  were  also  used. 

Based  on  less  than  one  percent  creep  under  a  one  ksi  stress  in  20  hours,  the 
TD  Nickel  and  TD  Nickel/chromium  alloys  were  serviceable  up  to  2400“ F;  Inconel  625 
mid  Haynes  25  up  to  2100“ F;  and  Rene'  41  and  Inconel  718  up  to  2000®F.  However,  based 
on  retention  of  at  least  67  percent  of  initial  properties  after  760  Torr  oxidation  expo¬ 
sures  for  100  one-hour  cycles  at  different  Tmax,  the  recommended  maximum  service 
temperatures  were  2400“ F  for  TD  Nickel/chromium;  2200® F  for  TD  Nickel;  2000° F 
for  Haynes  25;  and  1800°F  for  Inconel  625,  Inconel  718,  and  Rene'  41.  Rene*  41  and 
Inconel  718  were  eliminated  because  of  higher  overall  degradation  in  mechanical 
properties  and  oxidation  rate  than  Inconel  625  and  Haynes  25  during  the  1800"F  -  760 
Torr  -  100-cycle  exposure.  As  a  result  of  the  0. 18  Torr  -  100  one-hour  slow -cycle 
oxidation  exposure,  no  changes  in  maximum  use  temperature  of  the  four  alloys  were 
made.  No  significant  effects  of  decreased  pressure  were  observed  except  for  Haynes 
25.  Further  evaluation  for  combined  effects  of  stress,  temperature,  and  pressure  in 
profile  simulation  tests  for  100  one-hour  slow  cycles  resulted  in  final  recommendations 
as  follows: 


Super  alloy  Foil 
(0.  01  ia ) 

Recomr,.  ended 

Tmax 

Most  Severe  Pressure 
(Torr) 

Maximum  Stress 
for  Elongation  of 
ll  in  100  Cycles 
(keij 

TD  Nickel/ 

2400 

760 

1,  0 

Chromium 

TD  Nickel 

2000 

760 

4.0 

Haynes  85 

1800 

0.  18 

2.9 

Inconel  625 

1800 

760 

1.0 

Effects  of  temperature,  pressure,  and  stress  and  identification  of  surface 
oxides  ar%»  described.  The  degradation  in  mechanical  properties  is  explained  in 
terms  of  microstructural  changes,  internal  oxidation,  and  microhardness  values. 

From  the  results  of  various  mechanical  tests,  it  was  concluded  that  room  temperature 
tensile  or  fatigue  teats  are  the  most  severe  for  the  determination  of  performance  degra¬ 
dation  resulting  from  oxidation  exposures.  Preoxidizing  the  program  alloy  foils  im¬ 
proved  their  high  -temperature  performance,  but  only  at  the  sacrifice  of  room  tempera¬ 
ture  properties. 

The  distribution  of  this  abstract  is  unlimited. 
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INTRODUCTION 

Foil  gage  superalloys  are  candidate  materials  for  use  in  structural  and  heat 
shield  panels  for  reentry  and  hypersonic  vehicles.  Unlike  the  coated  refractory  metals, 
little  attention  has  been  given  to  the  potential  environmental  effects  that  may  contribute 
to  changes  in  mechanical  properties  of  foil  gage  superalloys  as  a  result  of  the  low- 
pressure  and  slow-cyclic  exposure  of  a  typical  hypersonic  flight.  The  objective  of  this 
program  was  to  investigate  and  evaluate  operative  degradation  mechanisms  so  that  reuse 
capabilities  and  limitations  for  promising  nickel-  and  cobalt-base  alloy  foils  (0.  01  inch 
thick)  could  be  predicted.  The  joining  processes  for  the  selected  superalloys  were  selec¬ 
ted  and  evaluated  in  a  companion  program. at.  Solar  (Contract  F33-615-67-C-1217). 

Evaluation  of  superalloys  was  accomplished  by  characterization  of  alloy  degra¬ 
dation  mechanisms  after  exposure  to  slow  thermal  cycles  in  dry,  atmospheric  pressure 
air  and  in  air  at  reduced  pressure  of  0. 18  Torr.  In  addition,  environmental  simulation 
tests  were  conducted  by  slow  thermal  cycling  of  toe  foil  alloys  under  superimposed 
levels  of  stress,  at  atmospheric  pressure,  and  in  reduced  pressures  of  10.  0  Torr  and 
0. 18  Torr,  the  equivalent  pressures  at  altitudes  of  100, 000  feet  and  200, 000  feet, 
respectively. 

The  program  was  divided  into  the  following  four  phases. 

•  Phase  I  -  Establish  Baseline  Data 

In  this  phase,  literature  search  on  candidate  nickel-  and  cobalt -base 
superalloys  and  dispersion-strengthened  nickel  foil  alloys  was  made  for 
identifying  alloy  availability  and  heat  treatment  procedures  and  for  the 
assessment  of  available  mechanical  properties,  oxidation  and  thermal 
stability  data,  and  also  omittance.  Based  on  this  literature  review  and 
alloy  availability,  six  superalloys  were  selected  for  further  evaluation. 

This  phase  also  included  verification  and  supplemental  testing,  as  re¬ 
quired,  of  mechanical  property  data  on  the  selected  six  alloy  foils 
(0.  01  inch  thick).  Mechanical  testing  included  tensile  tests,  notch  tensile 
tests,  high  rate  tensile  tests  from  room  temperature  to  24yO*F;  creep 
tests  from  Jt’00  to  2400*  F;  and  fatigue  tests  at  room  temperature  and  at 
Trim  A).  These  tests  were  performed  so  that  direct  correlation  could  be 
made  to  mechanical  property  test  data  obtained  in  subsequent  phases  of 
the  program. 

1.  Ductility  minimum  temperature 


1 


•  Phase  II  -  Effects  of  Slow,  Cyclic,  Atmospheric  Pressure  Oxidation 
Exposure 

The  effects  of  cyclic  atmospheric  pressure  oxidation  were  evaluated  by 
weight  change  and  b  '  other  analytical  techniques  (metallography,  electron 
microprobe,  gas  analyses,  and  X-ray  diffraction)  and  by  mechanical 
property  testing  (similar  to  that  in  Phase  I).  Foil  specimens  of  six  super¬ 
alloys  were  subjected  to  100  one-hour,  slow-cycle  oxidation  exposures 
at  three  temperatures  (from  1800  to  a  maximum  of  24 Off3 F)  in  atmospheric 
pressure  dry  all.  Based  on  the  results  of  evaluation  of  the  oxidized 
specimens,  four  superalloys  (Inconel  625,  Haynes  25,  TD  Nickel,  and 
TD  Nickel/chromium)  and  their  maximum  service  temperature  (Tmax) 
were  selected  The  four  superalloys  were  further  evaluated  in  Phase  in. 


•  Phase  III  -  Effects  of  Slow,  Cyclic,  Low-Pressure  Oxidation  Exposure 

Foil  specimens  of  the  selected  four  super  alloys  were  subjected  to  100 
one-hour,  slow-cycle  oxidation  exposures  at  0. 18  Torr  pressure  and  at 
their  respective  Tmax.  The  effects  of  low-pressure  oxidation  exposure 
were  evaluated  by  weight  change,  analytical  techniques,  and  other  mechani¬ 
cal  property  testing  as  in  Phase  II. 

•  Phase  IV  -  Effects  of  Hypersonic  Vehicle  Profile  Simulation 

Thi*  phase  differed  from  Phases  n  and  HI  because  load  was  included  in  the 
mission  profile  simulation  tests.  Environmental  simulated  mission  pro¬ 
file  tests  for  the  six  selected  super  all: vs  were  conducted  for  22  one-hour 
cycles  at  different  Tmax  (from  1800  to  2400* F)  in  atmospheric  pressure 
and  in  reduced  pressure  (10.  0  To/r  and  0. 18  Ton:)  air.  Selected  mission 
profile  exposures  at  100  one-hour  cycles  were  also  conducted.  The 
effects  of  the  simulated  profile  exposures  were  evaluated  by  room  tem¬ 
perature  tensile  tests  and  '  y  metallographic  analyses. 

This  final  technical  documentary  report  d  oribes  the  experimental  procedures, 
the  effects  of  oxidation  and  simulated  profile  exposures,  and  the  recommendations  for 
service  capability  of  the  selected  superalloy  foils  for  hypersonic  vehicle  honeycomb 
heat  shield  applications.  The  experimental  procedure  for  test  specimen  fabrication, 
oxidation  exposures,  mechanical  testing,  diagnostic  techniques,  and  mission  profile 
simulation  tests  are  given  in  Section  3.  Section  4  presents  the  mechanical  property 
data  and  analytical  results  for  superalloy  foils  in  the  as-received  condition  and  after 
atmospheric  pressure  and  low-pressure  oxidation  exposures  <i.  e. ,  the  results  of 
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Phases  I,  n,  and  III).  The  e£i«cts  of  hypersoric  vehicle  profile  simulation  tests 
(Phase  TV)  are  also  covered  in  Section  4  Results  are  discussed  in  Section  5.  Con 
elusions  and  recommendations  are  made  in  Section  6.  A  comprehensive  summary  of 
the  entire  program  is  given  in  Section  2. 


2 

SUMMARY 


Program  objectives  were  accomplished  by: 

•  An  investigation  to  characterize  the  effects  of  cyclic  oxidation  exposures 
on  the  mechanical  properties  of  six  alloy  foils  for  use  as  honeycomb  heat 
shields  in  hypersonic  vehicles  in  atmospheric  pressures,  and  in  pressures 
expected  to  be  encountered  at  altitudes  of  100, 000  (10.  0  Torr)  and 
200,000  feet  (0. 18  Torr). 

•  A  study  of  the  combined  effects  of  temperature,  stress,  and  pressure 
by  different  mission  profile  simulation  tests  of  the  program  alloy  foils. 

•  An  estimation  of  the  reuse  capability  of  foils  for  honeycomb  skins  for 
100  missions. 

On  the  basis  of  availability,  strengthening  mechanism,  and  a  literature  search 
lor  mechanical  property  and  oxidation  and  stability  data,  the  six  superalloy  foils  selec¬ 
ted  for  evaluation  in  this  program  were: 

•  Rene'  41  and  Inconel  718  (precipitation  hardened) 

•  Inconel  625  and  Haynes  25  (solid  solution  strengthened) 

•  TD  Nickel  and  TD  Nickel/chromium  (tboria  dispersion  strengthened) 

Evaluation  of  the  six  alloy  foils  was  conducted  by  creep  tests,  oxidation  rate, 
mechanical  property  tests  and  diagnostic  techniques,  and  by  profile  simulation  tests. 

The  procedures  and  results  are  summarized  in  succeeding  paragraphs. 

2.  1  CREEP  TESTS 

Creep  tests  for  the  six  program  alloys  in  the  as-received  condition  in  the 
temperature  range  1800  to  2400*  F  were  conducted.  The  maximum  use  temperature 
recommended,  baaed  on  the  temperature  at  which  the  creep  was  less  than  one  percent 
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under  a  one  ksi  stress  in  20  hours,  was  2400* F  for  TD  Nickel/chromium  and  TD  Nickel, 
2100*F  for  Haynes  25  and  Inconel  625,  and  2000*F  for  Inconel  718  and  Rene'  41.  Creep 
rate  waa  lowest  for  TD  Nickel/chromium. 

2.2  OXIDATION  RATE 


The  six  superalloy  foils  were  subjected  to  100  one-hour  slow-cycle  oxidation 
exposures  in  7S0  or  0. 18  Torr  at  various  Tma^  in  the  slow  cycle  test  furnace  (MGR). 
The  different  oxidation  exposures  conducted  were: 


1800*F 
2000* F 
2100*F 
2200*F 
2400*  F 
1800*F 
2000* F 
2200*  F 


760  Torr,  Rene'  41,  Inconel  718,  Inconel  625,  and  Haynes  25 
760  Torr,  all  the  six  program  alloys 
760  Torr,  Haynes  25 

760  Torr,  TD  Nickel  and  TD  Nickel/chromium 
760  Torr,  TD  Nickel  and  TD  Nickel/chromium 
0. 18  Torr,  Inconel  625 
0. 18  Torr,  Haynet>  25 

0. 18  Torr,  TD  Nickel  and  TD  Nickel/chromium 


Among  the  four  alloys  oxidised  at  1800*F  in  760  Torr,  the  rate  of  oxidation 
was  highest  for  Rene'  41  and  lowest  tor  Inconel  625.  The  oxidation  rate  was  highest 
for  TD  Nickel  and  lowest  for  TD  Niekel/chromium  amt  og  the  six  alloys  subjected  to 
the  2000*F  -  7C0  Torr  oxidation  exposure.  Alter  oxidation  exposure  at  2400*F,  TD 
Nickel  was  embrittled,  but  TD  Nickel/chromium  was  found  to  be  satisfactory. 


2.  3  MECHANICAL  PROPERTY  TESTS  AND  DIAGNOSTIC  TECHNIQUES 


The  mechanical  property  tests  conducted  were  tensile  tests  (standard,  notch, 
and  high  rate)  and  fatigue  tests  at  room  temperature  and  at  elevated  temperatures 
The  diagnostic  techniques  were  optical  microscopy;  chemical  analysis  for  carbon, 
oxygen,  and  nitrogen;  microhardness  determination;  X-ray  diffraction  and  electron 
microprobe  analyses.  The  maximum  service  temperature  was  the  temperature  that 
cbd  not  produce  a  loss  of  more  than  33  percent  of  any  mechanical  property  from  the 
as -received  condition. 


2. 3.  1  Precipitation  Hardened  Alloys  (Rene'  41  and  Inconel  718) 

The  2000* F  -  760  Torr  -  100-cycle  oxidation  exposure  resulted  in  28  and  49 
percent  loss  in  room  temperature  tensile  yield  strei^th  (Fty),  38  and  50  percent  loss 
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in  room  temperature  fatigue  limit  (for  5  x  10®  cycles)  for  Rene'  41  and  Inconel  718, 
respectively.  The  loss  in  tensile  properties  was  highest  at  compared  to  that 

at  room  temperature  or  at  Tox^2^  (2000° F).  Therefore,  the  two  alloys  were  not  ser¬ 
viceable  at  2000*  F.  The  loss  in  tensile  properties  at  different  test  temperatures  was 
greater  due  to  the  2000° F  exposure  than  to  the  1800"  F  exposure  because  of  greater 
decarburization,  intergranular  cracking,  formation  of  alloy  depletion  layer,  p  phase 
instability  (for  Rene’  41  only),  and  excessive  grain  growth  (especially  for  Inconel  718) 
and  higher  oxidation  rate. 

The  Rene'  41  and  inconel  718  alloys  were  eliminated  from  tne  remainder  of 
the  program  because  of  the  higher  creep  rate,  oxidation  rate,  and  overall  degradation 
in  tensile  properties  due  to  the  180CP  F  -  760  Torr  -  100 -cycle  exposure  than  was  ex¬ 
perienced  by  Inconel  625  and  Haynes  25  alloys. 

2-  3.  2  Solid  Solution  Strengthened  Alloys  (In*  -^l  u25  and  Haynes  25) 

The  atmospheric  pressure  oxidation  exposure  for  100  one-hour  slow  cycles 
at  2100“  F  for  Haynes  25  and  at  2000“  F  for  Inconel  625  caused  34  percent  loss  in  room 
temperature  Fty  and  more  than  50  percent  loss  in  room  temperature  fatigue  limit. 
Decarburization,  oxidation  attack  along  grain  boundaries,  and  the  formation  of  an  alloy 
depletion  layer  were  also  noted.  The  loss  in  properties  was  highest  at  room  tempera¬ 
ture  than  at  any  other  test  temperature.  Figures  1A  and  IB  are  bar  graphs  of  Fty  and 
fatigue  limits  at  different  test  temperatures  for  Inconel  625  and  Haynes  25,  respectively, 
in  the  as-received  condition  and  after  760  and  0.  18  Torr  oxidation  exposures  at  1S00*F 
(Inconel  625)  or  2000“ F  (Haynes  25).  The  loss  in  room  temperature  Fty  or  fatigue 
limit  was  less  than  33  percent.  Therefore,  Inconel  625  and  Haynes  25  alloys  were 
considered  satisfactory  for  use  up  to  1800  and  2000* F,  respectively.  It  should  be  noted 
that  the  Fty  at  1800“F  was  higher  in  the  oxidized  conditions  for  Inconel  625  than  in  the 
as-received  condition  (Fig.  1  A) ;  for  Haynes  25,  the  .  Fty  at  2000*  F  was  higher  after  the 
2000*F  -  760  Torr  -  100-cycle  oxidation  exposure,  but  lower  after  the  20(Kf  F  -  0.  18 
Torr  -  100-cycle  exposure  than  in  the  as-received  condition  (Fig.  IB)  The  most 
severe  pressure  conditions  were  0.  18  Torr  for  Haynes  25  and  760  Torr  for  Inconel  625. 

The  surface  oxides,  as  determined  by  X-ray  diffraction  analyses,  were  spinel 
NiCr,^  for  Inconel  625  after  oxidation  at  i  ;00*F  and  760  or  0.  18  Torr.  and  for  Haynes 
25  alloy  spinel  CoCr^O^  (760  Torr),  a-Cr  Oj  (0.  18  Torr),  and  a-Cr2C>3  -*■  CoCr204 
(10.  0  Torr)  after  exposure  at  2CKKPF  for  100  one- hour  cycles. 


1.  Tjn|  -  Ductility  minimum  temperature  (16CKFF  for  Rene'  41  and  1300* F  for 
Inconel  718) 

2-  Tqx  -  Maximum  oxidation  exposure  temperature 
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2.  3.  3  Dispersion  Strengthened  Alloys  (TD  Nickel  and  TD  Nickel/ Chromium) 

The  TD  Nickel  alloy  was  severely  embrittled  and  underwent  a  72  percent  loss 
.n  room  temperature  tensile  ultimate  strength  (F^)  after  760  Torr  oxidation  exposure 
at  240(FF,  The  2200'*F  -  760  Torr  -  100-cycle  exposture  for  TD  Nickel  resulted  in  less 
than  33  percent  loss  in  tensile  properties  at  different  test  temperatures  (Fig.  1C). 

The  Ft  at  2200*  F  was  higher  after  oxidation  than  in  the  as -received  condition,  most 
likely  because  of  plasticity  of  NiO  at  higher  temperatures  and  increased  cross  section. 
Although  the  loss  in  room  temperature  fatigue  limit  was  slightly  mere  than  33  percent, 
the  loss  in  fatigue  limit  at  T^W  was  only  nine  percent.  The  loss  in  other  properties 
was  less  than  33  percent.  Therefore,  the  TD  Nickel  alloy  was  considered  satisfactory 
for  service  up  to  2200*F.  The  thickness  of  the  NiO  and  the  extent  of  internal  NiO  waB 
found  to  increase  with  increasing  oxidation  temperature  or  with  increasing  pressure. 

TD  Nickel/chromium  was  found  to  be  serviceable  at  2iuv  F  from  the  results 
of  mechanical  tests  (Fig.  ID)  or  diagnostic  evaluation.  The  oxide  at  the  surface  or 
oxide  in  the  substrate  was  Cr2Cb ,  The  extent  of  internal  oxide  increased  with 
temperature. 

2.  4  MISSION  PROFILE  SIMULATION  Ifcw  TS 

Profile  simulation  tests  were  conducted  to  det  rmine  the  combined  effects  of 
stress,  cyclic  oxidation,  and  environment  pressures  on  the  superalloy  foils.  Two 
different  stress  levels  and  three  different  pressures,  ”60,  10.  0,  and  0.  18  Torr,  were 
used  for  each  mission  profile.  The  majority  of  tests  were  conducted  for  22  one-hour 
slow  cycles.  Selected  100  one-hour  slow -cycle  tests  were  also  performed. 

The  Haynes  25  specimen  ruptured  after  65  cycles  in  the  profile  simulation  test 
conducted  at  2000* F  -  0.  18  Torr  -  1  ksi.  There  was  60  percent  loss  in  room  tempera¬ 
ture  Ftu  and  about  50  percent  loss  in  substrate  thickness  for  the  TD  Nickel  after 
2200'*'  -  760  Torr  -  1  ksi  profile  simulation  tests.  Therefore,  the  r^r-ommended 
maximum  service  temperatures  for  Haynes  25  and  TD  Nickel  were  recuced  to  1800 
and  200(PF,  respectively.  Based  on  this  final  evaluation,  recommendations  on  the 
service  capability  for  the  four  superalloy  foils  for  use  in  hypersonic  vehicle  honeycomb 
heat  shields  are  contained  in  the  following  tabulation. 


1.  T^  -  IXictility  minimum  temperature  from  literature  search  is  1600*F  for  TD 
Nickel  ind  TD  Nickel/chroruhiin:  i300fF  for  Inconel  625.  and  1400*F  for  Haynes  25. 


9 


WBMaBaOBBfcnM . aiWUMW'InumiffliHiii  mini,  ll'nn  mi  .  . . . .  •  .  in'  - 


Superalloy  Foil 
(0. 01  in. ) 

Recommended 

Tmax 

CF) 

Most  Severe 

Pressure 

(Torr) 

Maximum  Stress  for 
Elongation  of  1  percent 

_ &§1L_ _ 

TD  Nickel/ehromium 

2400 

760 

1.  0 

TD  Nickel 

2000 

760 

-4.0 

Haynes  25 

1800 

0. 18 

-2.9 

inconel  625 

1800 

760 

-1.0 

From  the  results  of  mechanical  tests,  the  following  observations  were  mad?: 

•  The  percent  loss  in  tensile  properties  as  a  result  of  cyclic  oxidation  ex¬ 
posure  was  highest  at  room  temperature  for  Inconel  825,  Haynes  25, 

TD  Nickel,  and  TD  Nickel  /chromium,  and  at  Tdm  for  Rene’  41  and 
Inconel  ?1S, 

•  Preaxidizicg  the  program  alloy  foils  improved  the  high-temperature  per¬ 
formance  but  impaired  the  room  temperature  properties. 

®  The  room  temperature  tensile  os  fatigue  tests  are  the  moat  severe  tests 
for  the  determination  of  oxidation  effects. 

•  Increasing  the  test  temperature  resulted  in  a  high  creep  rate  and  a  de¬ 
crease  in  tensile  or  fatigue  strength.  By  increasing  the  oxidation  ex¬ 
posure  maximum  temperature  (T^),  the  oxidation  rate  and  oxide  spalling 
were  increased,  and  the  tensile  properties  and  fatigue  life  at  room  tem¬ 
perature  and  at  Tjjm  were  decreased,  except  for  TD  Nickel/chromium. 

•  Reduced  pressure  exposure  was  most  severe  on  the  Haynes  25  alloy. 

The  microstructure  showed  needles  of  an  unidentified  phase  after  the 
2000* F  oxidation  exposure  in  the  stressed  condition  and  at  0. 18  Torr 
pressure  only.  inconel  625,  TD  Nickel,  and  TD  Nickel/chromium, 
the  decrease  in  pressure  resulted  in  reduced  oxidation  rate,  oxide 
spalling,  scale  thickness,  internal  oxidation,  nitrogen  content,  and  de¬ 
carburization.  The  TD  Nickel  alloy  is  serviceable  to  2200°  F  in  0. 1C  Torr 
and  to  2000° F  in  760  Torr,  whereas  Haynes  25  is  serviceable  to  2200°F 

in  760  Torr  and  only  to  1800°F  in  0. 18  Torr.  The  maximum  stress  to 
which  TD  Nickel/chromium  can  be  subjected  is  two  ksi  at  0, 18  Torr  but 
only  one  ksi  at  760  Torr  during  oxidation  at  2400°F  for  100  cycles.  The 
reduced  pressure  essentially  decreased  the  oxidation  rate  of  Inconel  623, 
TD  Nickel,  and  ’rD  Nickel/chrcmium  with  no  other  deleterious  effects. 
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3 

EXPERIMENTAL  PROCEDURE 

This  section  contains  data  leading  to  the  selection  of  the  six  candidate  super¬ 
alloys,  test -specimen  design  and  fabrication  procedures,  cyclic  oxidation  procedures, 
various  mechanical  tests,  and  diagnostic  techniques.  The  procedure  for  mission  pro¬ 
file  simulation  testing  is  also  described. 

3.  1  ALLOY  SELECTION  AND  PROCUREMENT 

A  survey  of  superalloy  suppliers  indicated  commercial  availability  of  nine 
superalloys  in  the  form  of  foil  (0.  01-inch  thick}.  For  the  nine  superalloys,  a  compre¬ 
hensive  review  of  published  reports  on  mechanical  properties,  oxidation,  stability 
data,  and  emittasce  characteristics  enabled  selection  of  six  superalloys  for  evaluation 
in  this  program.  Alloy  procurement  study,  literature  search,  and  selection  of  alloys 
are  described  in  the  following  sections, 

3.  1. 1  Alloy  Procurement  -Study 

To  broaden  the  range  of  alloy  chemistries  and  strengthening-  mechanisms  that 
were  to  be  studied  in  the  program,  the  availability  of  several  foil  gage  superalloys  not 
initially  included  as  candidate  program  alloys  was  investigated.  (Alloys  initially  in¬ 
cluded  for  consideration  in  this  program  were  Haynes  25  (L-605),  Udimet  700, 

Udimet  500t  Rene'  41,  Inconel  718,  TD  Nickel,  TD  Nickel/chromium,  TD  Nickel/ 
molybdenum,  Inconel  625,  Hastelloy  X,  and  TD  Nickel/cobalt. )  Two  selection  criteria 
were  employed: 

•  Chromium  content  of  the  alloy 

#  Principal,  strengthening  mechanism,  i  e.  ,  matrix  or  solid-solution 
strengthened,  precipitation-strengthened,  and  thoria  dispersion 
strengthened 

The  selected  aisoya  arc  categorized  according  to  the  most  salient  of  these  criteria  in 
Table  L 
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TABLE  I 


CATEGORIZATION  OF  SEVERAL  CANDIDATE  SUPER  ALLOY  SHEET  MATERIALS 


MATRIX  gTKENCTHBNBP  PRECIPITATION  STRENCTKSNED  KSPERSiON  STRESC.THEKEO 


The  availability  of  each  alloy  in  ihe  form  of  a  stress  relief  annealed  coil 
(0. 01  by  0.  75  inch)  was  ascertained  by  vendor  survey.  The  survey  showed  that  the 
following  nine  candidate  alloys  were  available  as  0.  01-inch  foil: 


*  Matrix  Strengthened  -  Hastelloy  X,  Inconel  620,  Haynes  25,  Inconel  600, 
and  Hastelloy  C 

*  Precipitation  Hardened  -  Inconel  716  and  Rene'  41 

*  Dispersion  Strengthened  -  TD  Nickel  and  TD  Nickei/chromium 

The  chemical  composition  of  the  nine  alloys  is  summarized  in  Table  II.  A  literature 
search  is  summarized  in  the  succeeding  section. 

3, 1,  2  Literature  Review  and  Data  Compilation 

A  literature  search  for  the  compilation  of  data  concern  mg  heat  treatment  pro¬ 
cedures,  mechanical  properties,  oxidation  and  microstruetural  stability,  and  emittance 
characteristics  of  the  nine  available  super&lloys  was  conducted.  This  search  was 
necessary  to  reduce  the  number  of  candidate  superalloys  to  six  for  evaluation,  and 
to  provide  detailed  information  that  can  be  used  as  baseline  data  for  the  entire  program. 


A  bibliography  {2963  to  February  1967)  on  the  properties  of  the  nine  super¬ 
alloys  was  requested  and  received  from  the  Defense  Documentation  Center.  This  docu¬ 
ment  contained  ’86  abstracts  of  which  32  were  pertinent,  Additional  information  sour¬ 
ce*  included  DMIC  memos  and  reports,  AFML  and  NASA  renorts,  ASM,  AIME,  and 
8AE  papers  and  abstracts,  as  well  as  vendor  pamphlets  on  these  alloys. 

Collected  information  on  the  nine  available  alloys  is  presented  in  the  Appendix. 
The  data  include  short-time  tensile  properties,  axial  tension-tension  fatigue  life,  creep 
strength,  oxidation  resistance,  and  total  normal  emittance. 

An  overall  picture  of  the  property  data  compilation  is  shown,  in  Table  HI. 
Tensile  strength  versus  temperature  data  were  complete  for  the  0.  01 -inch  Hastelloy  X. 
Rene5  41,  and  TB  Nickel  alloys.  Data  were  available  for  the  remaining  alloys  as 
follows: 


•  Inconel  625 

•  Haynes  25 

•  Hastelloy  C 

•  Inconel  600 

•  Inconel  718 


-  up  to  18O0°F,  unknown  thickness 

-  up  to  219(FF,  0.  062  inch  thick 

-  up  to  200<TF,  0, 109  inch  thick 

-  up  to  1600CF,  0.  250  inch  thick 

-  up  to  HOOT,  0.  063  inch  thick 


•  TD  Nickel/chromium  -  up  to  2000°F,  unknown  thickness 

Notch  tensile  data  were  available  for  the  0.  01 -inch  Hastelloy  X,  Rene'  41, 
and  TD  Nickel  alloys  only. 

Tensile-shear  versus  temperature  data  were  available  for  the  0.  01-inch 
TD  Nickel  alloy  only. 


Impact  tensile  data  were  not  obtained  for  any  of  the  alloys.  Charpy  impact 
energy  was  listed  where  available. 


Fatigue  data  that  were  available  for  the  candidate  alloys  are: 


•  Hastelloy  X 


«  Inconel  625 


•  Haynes  25 


-  Axial  tension-tension,  room  temperature, 

0.  01  inch  thick 

-  Rotating  bean.,  room  to  1600* F  temperature, 

0.  625  inch  diameter  bar 

-  Axial  tension-tension,  1500  to  1800s  F,  unknown 
thickness 


TABLE  HI 


LITERATI1” E  REVIEW  SUMMARY 


TENSILE 

Room  Temperature 
High  Temperature 


NOTCHED  TENSILE 
Room  Temperature 


TENSILE-SHEAR 
Room  Temperature 
High  Temperature 


IMPACT-TENSILE 
Room  Temperature 


FATIGUE 

Room  Temperature 
High  Temperature 


CREEP 

High  Temperature 

OXIDATION 
High  Temperature 


EMITTANCE 
High  Temperature 


Hastelloy 

X 


Inconel 

Haynes 

Hastelloy 

Inconel 

Inconel 

Reoe1 

TD 

TD  Nickel/ 

625 

25 

C 

too 

718 

41 

Nickel 

Chromium 

i  a  a  a  a  a  ii  a 


□  □  □  □  □ 


□ 


B  B  B  B  B  B  Bl  B 

□aaannDan 

3  B  H8  B 


b  a  a  b  a 

a  a  a  a  a 

■  a  a  a  a  □ 


□ 


□  a 


a  a  a 
a  a 

■  a 


a 

□ 


[  Complete  information  available  on  0,0 10- Inch  sheet 

Qualified  Informetloe  available,  t.e. .  sheet  thickness  >0,010  inch, 
dels  at  particular  temperatures  misting,  data  not  directly  comparable 

No  Information  available  to  date 


h 


■m- 
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•  Hastelloy  C 

•  Inconel  600 

•  Inconel  718 

•  Rene'  41 

•  TD  Nickel 


No  data  available 

Rotating -beam,  room  to  1860°F  temperature, 
unknown  thickness 

No  data  available 

Axial  tension-tension,  room  temperature, 

0.  01  inch  thick 

Axial  tension-tension,  room  temperature, 

0.  01  inch  thiek;  room  to  1800“  F,  0.  060  inch 
thick 


•  TD  Nickel/chrmr’um  -  No  data  available 


The  creep  data  collected  to  date  indicated  that  supplemental  testing  of  all  the 
selected  0.  01 -inch  foils  was  required. 

Data  on  oxidation  resistance  of  all  candidate  alloys,  except  Inconel  718,  were 
available,  although  not  in  a  directly  comparable  form. 

Emittance  data  were  available  for  all  alloys  except  Inconel  625  and  Inconel  718. 
3. 1.  3  Selection  of  Six  Alloys 

Six  alloys  from  the  nine  available  alloys  were  selected  for  evaluation  in  the 
program.  Selection  was  based  on: 

>  AvatJnollity 

•  Mechanical,  oxidation,  and  optical  properties  of  the  foils  as  revealed  by 
tue  literature  search 

•  Alloy  composition 

•  Strengthening  mechanism 

After  a  thorough  study  of  all  the  factors,  the  six  alloys  selected  were: 

•  Rene'  41  and  Inconel  718  -  precipitation  strengthened 

•  Inconel  625  and  Haynes  25  -  solid  solution  strengthened 

©  TD  Nickel  and  TD  Nickel/chromium  -  dispersion  strengthened 
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By  adopting  the  philosophy  that  the  alloy  selection  should  result  in  as  broa^  a 
scope  as  possible  for  the  program,  two  nonmeehardeal  criteria  were  used  -  alloy  chem¬ 
istry  and  principal  method  of  strengthening.  The  selection  of  two  alloys  to  represent 
each  of  the  three  strengthening  mechanisms  yields  Rene’  41  and  Inconel  718  ao  the  pre¬ 
cipitation  hardened  alloys,  TD  Nickel  and  TD  Nickel/chromium  as  the  dispersion 
strengthened  alloys,  and  one  cobalt -base,  Haynes  25,  and  one  nickel-base  alloy  as  the 
solid  solution  strengthened  alloys.  The  Hajmes  25  alloy  was  selected  since  it  is  the 
only  candidate  cobalt -base  solution  strengthened  alloy,  and  because  of  good  elevated 
temperature  strength.  Among  the  four  remaining  solid  solution  strengthened  alloys  - 
Kastelloy  X,  Hastelloy  C,  Inconel  625,  and  Inconel  600  (all  nickel-base)  -  one  alloy 
had  to  be  selected.  Inconel  600  was  excluded  since  it  has  significantly  kmer  elevated 
temperature  strength  than  the  other  three  matrix  strengthened  alloys  (Fig.  2).  The 
elevated  temperature  tensile  strength  r>f  the  three  remaining  alloys  was  not  significantly 
different  (Fig.  2),  consequently  other  selection  criteria  were  employed. 

The  lack  of  axial  tension-tension  fatigue  life  data  for  Hastelloy  C  and  Inconel 
625  did  not  permit  a  direct  comparison  with  Hastelloy  X  (Table  111).  Creep  data  at 
1600" F  indicated  that  stresses  of  8  and  12  ksi  were  required  to  produce  one  percent 
creep  in  approximately  35  hours  for  Hastelloy  X  and  Inconel  625,  respectively.  At 
1650°F,  a  strcsi*  oi  eight  ksi  produced  one  percent  creep  in  Hastelloy  C  after  47  hours. 
Differences  in  alloy  thickness  and  the  unknown  conditions  of  the  creep  teats  did  no., 
permit  a  direct  comparison,  but  it  generally  can  be  concluded  that  the  three  alloys  had 
similar  creep  strength.  The  three  alloys  showed  good  retention  of  tensile  properties 
after  oxidation  exposure  up  to  1800*F. 

To  provide  a  direct  comparison  of  tensile,  fatigue,  and  creep  strength  between 
the  three  alloys,  extensive  baseline  testing  would  have  been  required  Yates  (Ref.  1) 
and  Plank  (Ref,  2)  have  stated  that  of  the  alloys  investigated  at  Lockheed,  for  use  in 
the  upper  surface  of  a  family  of  hypersonic  reentry  vehicles  (900  to  1800*F),  Inconel  625 
was  the  most  suitable  on  the  basis  of  its  good  tensile  and  creep  properties,  fabricability, 
weldability,  thermal  stability,  and  oxidation  resistance.  Tlie  selection  of  Inconel  625 
for  study  in  the  program  was  made  to  determine  its  maximum  temperature  capability. 
Hence,  adopting  the  broad  scope  philosophy,  the  selected  alloys  were: 

•  Inconel  625  -  A  nickel -base  alloy  containing  chromium,  molybdenum , 

columbium,  and  iron  as  major  alloying  elements;  solid 
solution  and  carbide  strengthened. 

•  Haynes  25  -  A  cobalt -base  alloy  containing  chromium,  tungsten, 

nickel,  and  iron  as  major  alloying  elements;  solid  solu¬ 
tion  and  carbide  strengthened. 
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•  Rene'  41 


-  A  nickel-base  alloy  containing  chromium, 

cobalt,  molybdenum,  iron,  aluminum,  titanium, 
and  boron  as  major  alloying  elements;  gamma- 
prime,  carbide,  and  solid  solution  strengthened. 

•  Inconel  718  -  A  nickel-base  alloy  containing  iron,  chromium, 

columbium,  molybdenum,  aluminum,  titanium, 
cobalt,  and  boron  as  major  alloying  elements; 
gamma-prime,  carbide,  and  solid  solution 
strengthened. 

•  TD  Nickel  -  A  nickel-base  alloy  containing  thoria  as  the 

major  alloying  constituent,  fine  thoria  disper¬ 
sion  strengthened 

•  TD  Nickel  ^chromium  -  A  nickel-base  alloy  containing  chromium  and 

thoria  as  major  alloying  constituents;  thoria 
dispersion  strengthened. 

The  six  alloys  were  ordered  in  0.  01 -inch  thick  sheets  in  the  solution  treated 
or  annealed  condition.  The  alloy  suppliers,  heat  numbers,  chemical  analyses,  heat 
treatments,  and  typical  mechanical  properties  as  provided  by  the  vendors'  certification 
sheets  are  summarized  in  Table  IV. 

Receiving  inspection  procedures  for  each  alloy  included: 

•  Visual  surface  appearance 

•  Surface  finish 

•  Alloy  microstructure,  microhardness,  and  grain  size  in  the  longitudinal 
and  transverse  directions  at  the  start,  middle,  and  end  of  the  coil. 

All  the  alloys  received  had  satisfactory  flat  surfaces  that  were  free  of  tears 
or  deep  scratches  and  were  bright  finished.  The  average  surface  finishes,  as 
determined  with  a  profilometer,  were  12,  7,  15,  25,  and  3  microinches  (rms)  for  the 
Inconel  625,  Haynes  25,  Rene'  41,  Inconel  718,  TD  Nickel  and  TD  Nickel/chromium 
alloys,  respectively. 

Sections  from  the  start,  middle,  and  end  of  the  alloy  coils  were  cut  for  metal  - 
logTaphic  examination  and  the  microstructures  of  the  ae-received  alloys  are  discussed 
in  Paragraph  4.  4.  1 . 


TABLE  IV 

VENDORS'  CERTIFIED  DATA  ON  SIX  SUPERALLOY  FOILS 


alonrnllon  In  J  Inoh  (tOOO"ri  »  *  0.  I.  »,  3 
8tr*a*  ruptur*  Ufa  at  i.  S  k*l  EKMl)  JO  hour* 
Strata  parent*  alcnpuion  In  J  Inch  varlea 


3.  2  TEST  SPECIMENS  -  DESIGN  AND  FABRIC  TION 


£ 


The  design  of  the  test  speciri  ’ns  for  the  various  'chanieal  tes^<  pensile, 
notch  tensile,  high-rate  tensile,  creep,  room  temperature  .  >'  -rue,  a^*  '■  kvated  tem¬ 
perature  fatigue),  environmental  simulation  tests,  oxidation  t  emittance 

measure*..ai.ts  are  shown  in  Figure  3.  All  superalloy  specimens  except  those  of 
TD  Nickel/chromium  were  sheared  transverse  to  the  rolling  direct  ion.  The  TD  Nickel/ 
chromium  specimens  were  machined  longitudinal  to  the  rolling  direction,  r  abrication 
procedures  for  these  various  test  specimens  included: 

•  Shearing  nominal  sized  blanks  from  the  alloy  coil  stock. 

•  Stacking  ?5  similar  sized  blanks,  with  0.  25 -inch  thick  mild  steel  backup 
plates,  into  a  prefabricated  jig  for  final  gang  milling  of  the  reduced  gage 
length  section.  Sharp  mill  cutters  were  a  necessity  for  satisfactory  mill¬ 
ing  of  the  superalloys,  particularly  the  Rene  41  and  Haynes  25  alloys. 

•  N-"  ,ung  the  required  tensile  specimens  was  performed  on  a  milling 

iachine  with  a  60-degree,  precision  ground,  0  01 -inch  tip,  radius  mill 
cutter.  The  specimens  were  stacked  in  the  same  fixture  used  to  ,,sm 
mill  the  reduced  gage  length  section. 

•  Identifying  the  specimens  bv  steel  stamping  the  appropriate  alloy  code 
and  designated  test  letters  anti  numbers  on  one  end  of  the  specimen,.  As 
an  example,  Rene’  41  specimens  to  be  tensile  tested  were  stamped  R-Tl, 
R-T2,  R-T3 

•  Vapor  degreasing  the  specimens  before  *  .  ;ing. 

•  Carefully  handling  the  material  to  prevent  surface  scratching  and  peei- 
men  distortion  which  could  lead  to  inconsistent  results. 

•  The  emittance  specimens  required  for  oxidation  exposures  were  prepared 
by  the  Solar  Precision  Chemical  Milling  process  (SFCM).  T  enty  of  the 

■>9 

^5  inch  diameter  specimens  of  each  alloy  were  produced  simultaneously 
by  the  process  The  specimens  wmre  flat  ’iid  stress  free. 

3.  3  CYCLIC  OXIDATION  TESTING  AND  OXIDATION  RATE 

The  Merry-Go-Round  (MGR)  furnace  used  for  cyclic  oxidation  exposure,  the 
temperature  profiles  at  760  Torr  and  at  o  is  Torr.  and  the  procedure  for  cyclic  oxi¬ 
dation  exposure  snd  determination  of  oxidation  rate  from  weig*'  change  data  are  des¬ 
cribed  in  following  sections. 
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A.  TENSILE  SPECIMEN  B.  NOTCH  TENSILE  SPECIMEN 


C.  CREEP  AND  ELEVATED 
TEMPERATURE  FATIGUE 


FIGURE  3,  TEST  Si  ECIMEN  DESIGNS  (Sheet  1  of  2) 


S.  ENVIRONMENTAL  SIMULATION  TEST  SPECIMEN 

- - -  5  (NOT  TO  SCALE)  - - - - - 


PHOTOETCH 


NOTES  1.  SPECIMENS  MACHINED  FROM  0.  010-INCH  SHEET 
2.  ALL  DIMENSIONS  IN  INCHES 

FIGURE  3.  TEST  SPECIMEN  DESIGNS  (Sheet  2  of  2) 
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FIGURE  4.  ASSEMBLED  SLOW-CYCLE  TEST  APPARATUS 

3, 3. 1  The  MGR  Furnace 

The  slow-cyele  test  apparatus  for  the  oxidation  exposures  is  shown  in 
Figure  4,  and  a  schematic  of  the  apparatus  is  shown  in  Figure  5.  Furnace  heat¬ 
ing  was  achieved  by  the  use  of  six  horizontally  positioned  silicon  carbide  heating 
elements.  Power  was  supplied  from  a  440-volt,  3-phase,  main  line  through  a 
zero  to  510-volt  variable  autotransformer  and  a  4:1  stepdown  transformer.  Tempera¬ 
ture  was  controlled  by  a  proportional  band  controller  which  drove  the  autotransformer 
by  a  servomotor.  Specimens  were  supported  on  Kanthal  A-l  wire  hooks  attached  to 
the  furnace  lid,  which  rotated  at  one  revolution/hour.  Kanthal  A-l  weights  (0. 1  pound) 
were  attached  to  the  bottom  of  each  specimen  to  ensure  alignment  and  minimize  speci¬ 
men  heating  distortion.  The  specimens  were  slowly  advanced  through  a  preheat  section, 
into  a  constant  temperature  zone,  and  then  through  a  cool-down  section  to  complete 
the  temperature  cycle.  The  front  of  the  MGR  furnace  was  closed  with  a  removable  brick 
structure  to  minimize  heat  losses.  This  furnace  allowed  easy  reproduction  of  the  tem¬ 
perature  profiles. 
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3. 3, 2  The  Ti  me  -Temper  ature  Profiles 

The  actual  tamperafcire  profile  in  the  MGR  furnace  was  determined  from 
thermocouples  attached  to  test  specimens.  Thermocouples  attached  to  the  top,  center, 
and  bottom  of  a  10-inch  specimen  for  the  2000*  F  Tmax  (760  Torr)  profile  indicated  a 
temperature  gradient  of  10  degrees  F  between  the  top  and  center,  and  a  gradient  of  40 
degrees  F  between  the  top  ^nd  bottom  of  the  specimen,  the  top  being  the  hottest  section. 
No  temperature  gradient  was  detected  across  the  0.  01-inch  thickness  of  the  test 
specimen. 

The  typical  time-temperature  profiles  with  different  maximum  temperatures 
of  1800,  2000,  2200,  and  2400* F  during  cyclic  oxidation  exposure  at  760  Torr  are 
shown  in  Figure  6,  and  at  0. 18  Torr  are  shown  in  Figure  7.  The  approximate  soak 
time  (tj)  for  temperatures  within  Tmax  and  Tmax-50  degrees  F;  the  time  (t2)  for  tem¬ 
peratures  above  1100°F;  and  the  area  (A)  under  the  time-temperature  profile  above 
1100* F  for  the  different  profiles  are  given  in  Table  V. 

The  time-temperature  profiles  for  the  760  Torr  and  0. 18  Torr  oxidation  were 
different.  The  times  (tj  and  tg)  for  the  same  Tmax,  were  higher  for  the  0.  18  Torr 
exposure  than  for  the  760  Torr  exposure  (Table  V).  This  difference  in  time  indicates 
that  the  specimens  were  at  temperature  for  a  longer  period  during  the  0. 18  Torr  oxi¬ 
dation  exposure.  The  longer  period  was  most  likely  the  result  of  lower  heat  losses 
by  convection  in  the  0. 18  Torr  oxidation  than  in  atmospheric  pressure  exposure.  This 
longer  time  at  the  temperature  resulted  in  approximately  a  15  percent  increase  in 
area  (A)  in  the  0. 18  Torr  oxidation  exposures  at  Tmax  of  1800,  2000,  or  2200*F  over 
that  in  the  760  Torr  oxidation  exposures  (Table  V).  Thus,  time-temperature  effects 
would  be  expe-  led  to  be  about  1 5  percent  ;and  about  7.  8  percent)  more  severe  during 
the  0. 18  Torr  oxidation  than  during  the  760  Torr  exposure  at  maximum  temperatures 
up  to  2200°F  (and  at  T  QV  of  2400*F  respectively). 

3. 3.  3  The  Cyclic  Oxidation  Procedure 

The  following  forty  test  specimens  of  each  of  the  six  program  alloy  foils  were 
subjected  to  atmospheric  pressure  oxidation  exposures  for  100  one-hour  slow  cycles 
at  various  Tmax. 

•  3  -  Emittance 

•  2  -  Oxidation  standards  for  weight  change  and  analyses 

•  9  -  Standard  tensile 

•  2  to  6  -  Notch  tensile 

•  2  -  High-rate  tensile  (for  selected  oxidation  exposures) 

•  20  -  Fatigue  at  room  temperature  and  at  Tdm 


TEMPERATURE  (Degrees  F  X  100)  TEMPERATURE  (Degrees  F  X  100) 


TIME  (min)  (min) 


Vpv&Mm/- 1'  *? 


TABLE  V 


CHARACTERISTICS  OF  THE  DIFFERENT  TIME-TEMPERATURE  PROFILES 


Tmax 

fF) 

Pressure 

(Torr) 

t,(1) 

(min) 

*2<1 2 3> 

(min) 

- - - — - — - — ^ 

Area  A$) 

(10-4  deg  F  x  min) 

Increase  in^4* 
Area  A 
(%) 

1800 

760 

1 0 

34 

1.  65 

-- 

2000 

760 

12 

38 

2.38 

— 

2100 

760 

11 

41 

2.  81 

— 

2200 

760 

12 

42 

3.  0 

— 

2400 

760 

13 

47 

4,  05 

- 

1800 

0.  18 

14.  5 

38 

1.  91 

15.  9 

2000 

0.  18 

15 

45 

2.  76 

15.7 

2200 

0,  18 

13 

52.  5 

3.  56 

17.3 

2400 

0.  18 

16 

50 

4.37 

7.  8 

1.  Approximate  soak  time  for  temperature  within  Tmax  and  Tmax  -50  degrees  F. 

2.  Time  for  temperature  above  1100°F. 

3.  Time -temperature  profile  above  1100' F. 

4.  Difference  between  0.  18  Torr  and  760  Torr  exposure. _ 

The  Tmax  for  atmospheric  pressure  oxidation  exposures  for  the  program 
alloys  were: 


•  Rene'  41,  Inconel  718,  and  Inconel  626  -  1800  and  2000“F 

•  Haynes  25  -  1800,  2000,  and  2100°  F 

•  TD  Nickel  and  TD  Nickel/chromium  -  2000,  2200,  and  2400°F 
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The  following  four  alloys  and  Tmax  were  selected  for  further  evaluation  based 
on  previous  evaluation  of  all  six  program  alloys  in  the  as-received  condition  and  after 
760  Torr  oxidation  exposure. 


Inconel  625 

1800®F 

Haynes  25 

200<TF 

TD  Nickel 

2200°  F 

TD  Nickel/chromium 

2400®F 

Forty  test  specimens  (similar  to  those  previously  discussed)  of  each  of  the 
four  selected  superalloys  were  subjected  to  low-pressure  (0.  18  Torr)  oxidation  exposure 
for  100  one-Lour  slow  cycles  at  their  recommended  Tmax  in  the  MGR  furnace.  The 
oxidation  rate  in  both  the  atmospheric  and  low-pressure  (0. 18  Torr)  exposures  was 
estimated  from  weight  change  data.  The  weight  change  of  the  program  alloys  resulting 
from  oxidation  exposure  was  determined  from  the  weights  of  the  two  standard  test 
specimens,  and  from  the  entire  group  of  test  specimens  before  and  after  oxidation  ex¬ 
posure.  Average  weight  change  data  expressed  as  percent,  or  as  mg/cm2,  gave  an 
indication  of  the  oxidation  rate  of  the  superalloy  foils.  In  addition  to  weight  change  data, 
mechanical  tests  and  diagnostic  techniques  described  in  the  following  sections  were 
used  for  evaluating  the  effects  of  oxidation  exposures. 

3.4  MECHANICAL  TESTS 

Mechanical  tests  on  the  superalloy  foils  in  the  as-received  condition  were  con¬ 
ducted  for  verification  and  for  supplemental  testing  (to  the  mechanical  property  data 
from  the  literature  search)  as  required.  Mechanical  tests  except  creep  tests  on  speci¬ 
mens  subjected  to  760  Torr  and  0.  18  Torr  oxidation  exposure  were  performed  to  deter¬ 
mine  the  percentage  of  degradation  in  properties.  Termination  of  testing  or  reduction 
of  Tmax  was  considered  upon  loss  of  more  than  33  percent  of  the  unexposed  properties. 
Mechanical  tests  conducted  were: 

•  Creep  tests 

•  Tensile  tests  at  room  temperature,  Tdm,  and  Tmax 

•  Notch  tensile  tests  at  room  temperature,  Tdm,  and  Tmax 

•  High  rate  tensile  tests  at  room  temperature 

«  Room -temperature  fatigue  tests 

•  High-temperature  fatigue  tests 
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The  test  direction  was  transverse  for  all  the  superalloy  foils  except  TD  Nickel/ 
chromium.  All  testing  for  TD  Nickel/chromium  was  conducted  in  the  longitudinal  di¬ 
rection.  The  equipment  used  and  the  procedural  details  for  these  various  mechanical 
tests  are  described  in  the  following  paragraphs. 

3.  4.  1  Creep  Tests 

Creep  testing  for  the  six  program  alloy  foils  was  conducted  in  the  as-received 
condition  only  and  at  temperatures  ranging  from  1800  to  24  00*F.  The  stress  values 
required  for  one  percent  and  five  percent  creep  in  a  period  of  30  hours  or  less  were 
determined.  These  data  were  used  to  determine  the  stress  necessary  for  simulated 
profile  exposures,  (para  3.  6)  the  selection  of  the  four  alloys  for  low-pressure,  oxidation 
exposure,  and  for  recommending  their  maximum  service  temperature. 

Creep  tests  were  performed  in  air  using  the  platinum  wire  resistor  tube  fur¬ 
naces  shown  in  Figure  8.  The  specimens  were  stressed  by  direct  deadweight  loading 
with  lead  shots. 

The  test  furnaces  consisted  of  Pt-20Rh  wire  helically  wound  and  cemented 
onto  a  1.  125-inch  ID  alumina  tube.  The  alumina  tube  was  supported  at  each  end  with 
insulating  ceramic  bushings  attached  to  a  stainless  steel  case  filled  with  bubbled  alum¬ 
ina  insulation.  The  space  between  the  end  of  the  specimen  and  the  furnace  tube  was 
loosely  packed  with  Fiber-Frax  insulation  to  re-dnce  thermal  end  losses  and  convection 
currents.  A  Pt/Pt-13Rh  thermocouple,  located  inside  the  alumina  tube  next  to  the 
specimen  test  section,  was  used  for  furnace  control.  A  minimum  furnace  temperature 
variation  was  achieved  through  the  use  of  a  proportioning-tvpe  temperature  controller. 
Precise  temperature  calibrations  were  made  with  thermocouples  welded  to  the  speci¬ 
men  test  section. 

Calibration  tests  showed  that  at  2400° F,  the  furnace  temperature  was  con¬ 
trolled  to  within  *  5  degrees  F,  and  the  temperature  gradient  across  the  specimen  test 
section  was  approximately  iO  degrees  F. 

Specimen  creep  was  measured  and  recorded  throughout  the  test  using  a  linear 
potentiometer  in  conjunction  with  a  potentiometer -type,  strip-chart  recorder.  The 
LVDT  reading  on  the  strip  chart  recorder  was  adjusted  to  zero  after  the  application  of 
load  so  that  the  initial  extension  was  not  measured.  Cori  eetion  factors  were  applied 
to  measured  data  to  obtain  the  portion  of  creep  applicable  to  specimen  gage  length. 

The  correction  factor  was  found  to  be  negligible  for  Haynes  25  and  Tu  Nickel,  and 
varied  from  12  to  18  percent  for  the  other  prog,  u.n  r  Hoys. 
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FIGURE  9.  HIGH-TEMPERATURE  TENSILE-  TESTING  MACHINE  FOR  FOIL 
GAGE  SPECIMENS 


3.4.2  Tensile  Tests 

Tensile  tests  were  conducted  at  room  temperature,  T^  and  oxidation 
exposure  maximum  temperature  (T  )  for  specimens  in  the  as-received  condition  and 
after  different  oxidation  exposures  at  760  Torr  and  0.  18  Tore. 

Room  temperature  tens.ie  tests  were  conducted  using  the  Instron  tensile  test¬ 
ing  machine  (Model  TTD  20,000  pounds  capacity).  The  high-temperature  tensile  tests 
were  conducted  in  vacuum  (3  x  10“'*  Torr)  using  the  foil  testing  machine  shown  in 
Fi  ure  9  (Ref.  3).  This  testing  system  consisted  of  a  screw-driven  tensile  machine 
(fit!  d  with  a  vacuum  chamber  and  furnace)  and  a  console  containing  instruments  for 
cant,  ol  of  temperature,  vacuum,  load,  and  siiain  rate.  The  frame  can  sustain  a  max¬ 
imum  load  of  5000  pounds  with  only  0.  001  inch  of  elastic  deflection  at  the  end  plates. 
The  specimen  load  was  measured  wph  a  series  of  interchangeable  loao  cells  ranging 


1.  The  ductility  minimum  temperature,  as  determined  from  literature  review,  was 
1300‘‘F  for  Inconel  718  and  Inconel  625,  1400° F  for  Haynes  25.  and  1600°F  for 
Rene'  41,  TD  Nickel,  and  TD  lickel  chromium. 
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in  capacity  from  30  to  3000  pounds.  Crosshead  speed  was  continuously  variable  from 
0.0005  to  l.Oinoh/minute,  The  heating  chamber,  with  the  double-beam  exteggosieter 
attached  to  a  tensile  specimen  is  also  shown  in  Figure  3.  Tensile  test  data  at  room 
temperature  obtained  from  this  equipment  and  from  the  Instron  machine  were  found  to 
closely  agree  as  shown  for  Inconel  718. 


ROCM  TEMPERATURE  TENSILE  TEST  DATA  FOR  INCONEL  718 


Machine 

*tu 

(ksi) 

fty 

(ksi) 

— - - — - 

Elongation  at  F^u 
(%  in  2  in. ) 

E  Modulus 
-103 
(ks<' 

Specimens  Tested 

Instron 

128.  C 

61.3 

43.  5 

27.2 

2 

Thin  Gage 

133.4 

63.  5 

42.7 

28.  0 

2 

Testing  Machine 

For  both  room  temperature  and  high-temperature  tensile  tests,  a  strain  rate 
of  0,  005  inch/lnch/mmute  was  used  up  to  0.  5  percent  elongation,  and  then  the  strain 
rate  was  increased  to  0.  05  inch/inch/minute  until  the  specimen  failed  (for  room  tem¬ 
perature  tests)  or  until  the  ultimate  strengt'  £  reached  (for  high -temperature  tests). 
Some  elevated  temperature  tests  were  terminated  when  the  ultimate  strength  was  reached 
reached,  since  fracture  of  specimens  could  damage  the  tungsten  heating  element  shown 
in  Figure  9. 

Tensile  tests  for  six  program  alloys  at  room  temperature,  Tdm,  and  other 
elevated  temperatures  up  to  2ao0°F  were  conducted.  For  each  data  point,  duplicate 
tests  were  performed.  The  tensile  test  specimen  configuration  shown  in  Figure  3, 

10  inches  long  with  a  two-inch  gage  length,  wns  used. 

3.  4.  3  Notched  Tensile  Tests 

Notched  tensile  specimens  of  the  selected  alloys  were  tested  as  received  and 
after  exposure  at  several  temperatures  and  two  pressures.  Test  temperatures  were 
room  temperature,  T^,  and  Tmax.  The  specimen  dimension  and  notch  characteris¬ 
tics  are  shewn  in  Figure  3.  Room  temperature  tests  were  performed  on  the  Instron 
tensile  test  machine;  whereas,  elevated  temperature  tests  were  performed  on  the  thin 
gage  foil  tester.  Calculations  of  stress  were  based  on  the  area  measured  prior  to  oxi¬ 
dation  exposure.  The  specimen  strain  rate  for  these  tests,  i.  e. ,  movement  between 
jaws,  was  0. 1  inch/minute  (crosshead  speed). 
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FIGURE  10.  MTC  FATIGUE  TESTING  MACHINE 


3.4.4  High  Strain  Rate  Tensile  Tests 

High  strain  rate  tensile  tests  were  conducted  with  the  objective  of  determining 
the  effect  of  strain  rate  on  ultimate  tensile  stress  and  ductility.  The  test  specimens 
with  1.  0  inch  gage  length  and  5.  0  inches  overall  length  were  used  (Fig.  3).  The  MTS 
Machine  with  a  Model  301  loading  frame  (Fig,  10)  and  a  ram  speed  of  30  inches/ second 
was  used.  This  loading  rate  is  equivalent  to  a  strain  rate  of  about  25  inch/inch/second 
and  is  30, 000  times  the  strain  rate  used  in  standard  tensile  tests.  The  tests  were  con¬ 
ducted  at  room  temperature  only  on  as-received  and  oxidized  superalloy  foils.  Dupli¬ 
cate  tests  were  performed  for  each  data  point 

3.  4.  5  Room-Temperature  Fatigue  Tests 


Axial  tension- tension  fatigue  tests  (room  temperature)  were  conducted  using 
the  three  tension -tension  fatigue  machines  shown  in  Figure  11.  The  specimen  (Fig.  3) 
had  a  five-inch  overall  length  with  a  one-inch  gage  section.  The  specimens  were 
mounted  between  a  load  l>eam  and  walking  beam  with  suitable  linkage  to  prevent  bend¬ 
ing  A  fixed  rotaUng  eccentric,  linked  to  the  walking  beam,  imparted  the  motion  to 


35 


the  specimen  at  a  frequency  of  10?0  epm.  The  Joed  beam,  a  0.  25-inefe  i&lck  by  2.  0-inch 
wide  spring  steel  pla.c,  cant:  oiled  ths  force  imposed  on  the  specimen  This  force  was 
measured  by  strain  gages  on  the  beam  surface,  Dynamic  loads  were  monitored  through¬ 
out  testing  on  r,  pen -type1  oscillograph  recorder.  The  ratio  of  minimum  to  maximum 
stress  (R)  was  held  constant  at  0, 15  for  all  tests.  Tests  v'ere  performed  so  that  an 
S-N  curve  could  be  established  with  at  least  five  data  points/alloy  -temperature  con¬ 
dition,  Duplicate  tests  were  conducted  for  at  least  five  different  stress  values  between 
?■.  5  Fta  and  0,  S  F^.  Tests  were  terminated  if  the  specimen  exhibited  a  fatigue  life 
of  more  Inca  five  million  cycles, 

3,  4.  6  tligh-Temperature  Fatigue  Tests 

Fatigue  tests  at  the  ductility  minimum  temperature  for  the  four  selected  alloys 
{■n  received  and  oxidized  conditions)  were  performed  using  the  MTS  closed-loop, 
eieetrnfcydraulic ,  fatigue  testing  machine  (Model  301  loading  frame)  (Fig,  10).  This 
apparatus  has  capabilities  of  producing  test  frequencies  ranging  from  0.  001  to  100  cps 
w£(b  3toe.  square,  triangular,  and  rampwave  load  programs  available,  Fatigue  test® 
performed  were  tension-tension  type  using  an  R  of  0. 15,  a  sine  wave  load  program,  and 
a  ix equency  of  approximately  3000  cpm  (50  cps). 

Test  specimens  were  heated  in  a  small  resistance  furnace.  Temperature 
measurements  were  made  by  means  of  a  chromei-alumel  thermocouple  adjacent  to  the 
test  specimen.  A  minimum  of  temperature  variation  was  achieved  by  the  use  of  a 
proportioning -type  temperature  controller. 

The  configuration  of  the  test  specimen  is  shown  in  Figure  3.  An  11-inch 
long  specimen  was  used  to  permit  gripping  outside  the  high-temperature  zone  of  the 
furnace.  This  specimen,  as  in  the  case  of  the  room -temperature  fatigue  test  specimen, 
had  z  gage  length  of  one  inch. 

In  addition  to  the  various  mechanical  tests  described,  the  superalloy  specimens 
in  the  as-received  and  oxidized  conditions  were  also  evaluated  by  various  diagnostic 
techniques  deooribed  in  the  next  section. 

3.  5  DIAGNOSTIC  TECHNIQUES 

Te  thoroughly  identity  and  characterize  oxidation  products  and  changes  in 
alloy  mie restructure  and  alloy  compositions,  various  diagnostic  and  analytical  tech¬ 
niques  were  employed.  The  different  diagnostic  techniques  were: 

•  Metallography 

•  Gas  Analyses 

•  X-Ray  Diffraction 

•  Electron  Mleroprobe 


Except  for  optica!  metallography,  which  was  performed  on  a  representative 
specimen  in  the  as-received  and  all  oxidized  conditions,  the  other  diagnostic  techniques 
were  used  on  &  selected  basis  as  were  the  metaUographic  analyses  after  the  various 
mechanical  property  tests.  The  analytical  techniques  are  described  in  the  following 
sections. 


3. 5. 1  MetaUographic  Analyses 

MetaUographic  samples  were  cut  from  the  middle  of  the  standard  specimen 
or  from  the  gage  length  of  the  tensile  specimens.  Cut:  samples  (longitudinal  and  trans¬ 
verse  sections)  were  mounted  in  bakelite  mounts  and  ground  on  sand  papc,  jid  polished. 
Specimens  were  then  etched,  using  the  following  etchants: 


Rene'  41 

Inconel  718 
Inconel  G25 
Haynes  25 
TD  Nickel 


TD  Nickel/chromium 


SHC1  +  1KN03  or 

92HC1  +  5H2S04  +  3HNOg 

10  percent  oxalic  acid  -  electrolytic 

2  parts  HN03,  1  part  acetic  acid  -  electrolytic 

HC’l  +  3  percent  II?02 

Equal  parts  of  10  percent  aqueous  solution  of 
(NH4)2S04  +  10  percent  NaCN  -  used  during 
polishing 

10  percent  oxalic  acid  -  electrolytic 


The  specimens  were  then  examined  for  microstructure,  oxide  thickness,  in¬ 
ternal  oxidation,  and  void  formation.  Microhardness  values  of  the  superalloy  foils 
in  the  as-received  and  oxidized  conditions,  using  a  Knoop  indentor  and  a  200-gram 
load,  were  also  determined. 


3.  5.  2  Gas  Analyses 

Chemical  analyses  for  carbon,  oxygen,  and  nitrogen  levels  of  superalloy  foils 
were  conducted  for  the  purpose  of  studying  internal  oxidation  phenomenon  and  deear- 
burization.  Exposed  specimen.?  were  sandblasted  and  ground  to  remove  oxide  before 
chemical  analyses.  Nitrogen  and  oxygen  levels  were  determined  by  vacuum  fusion 
».nalyaes,  The  conductometric  method  was  used  for  carbon  analyses.  Duplicate  anal¬ 
yses  were  conducted. 
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3.  5. 3  X-ray  Diffraction  Analyses 

j 

X-ray  diffraction  analyses  were  conducted  to  identify  the  oxidation  product 
for  the  superalloy  foil  specimens  subjected  to  different  oxidation  exposures  at  their 
respective  Tmax- 

X-ray  diffraction  patterns  were  obtained  using  a  Norelco  X-ray  diffractometer. 

For  Inconel  625,  a  copper  tube  with  a  nickel  filter  rated  at  50  kv  and  20  mva  was  used, 
resul  ing  in  CuKa  radiation  (  A  -  1.  541 8A).  In  the  case  of  Haynes  25,  an  iron  tube  with 
a  manganese  filter  was  used  resulting  in  FeKct  radiation  ( X  =  1.  936A).  The  values  of 
the  Bragg  angle  (0)  and  the  relative  intensity  were  obtained  from  X-ray  diffraction 
charts.  Using  Bragg's  law  (2d  sinf?  - X),  ”d"  values  (lattice  spacing)  were  c  Jculated. 

For  the  identification  of  oxides,  the  X-ray  patterns  of  the  oxidized  alloys  were  compared 
with  the  standard  patterns  of  various  oxides  (e.  g,  ,  cubic  Cr203  and  rhombohedral  C^Og, 

NiO,  spinels.  CoO). 

3.  5.  4  Electron  Microprobe  Analyses 

Selected  electron  microprobe  analyses  were  conducted  to  detect  any  compsi- 
tional  changes  near  the  edges  of  the  superalloy  specimens  exposed  to  cyclic  oxidation 
at  760  and  0. 18  Torr  and  at  Tmax.  Concentration  gradients  from  the  center  to  the 
specimen  edge  were  mapped  for  the  elements  of  interest.  The  superalloy  specimens 
after  oxidation  exposures  and  the  associated  elements  analyzed  for  were: 


Inconel  625 


Haynes  25  TD  Nicke.  T^hrom iunt 


4iuminum 

Titanium 

Chromium 

Columbium 

Manganese 

Molybdenum 

Nickel 

Tantalum 


Chromium 

Cobalt 

Manganese 

Nickel 

Tungsten 


Chromium 

Nickel 


A  Norelco  AMR-3  rnicroprobe  analyzer  was  used.  The  method  used  in  micro¬ 
probe  analysis  involved  a  comparison  of  th~  beam  intensities  for  elements  in  the  areas 
of  interest  with  intensities  for  these  elements  in  alloy  or  pure  element  standards. 
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Concentrations  were  calculated  after  accounting  for  background  intensity  by  multiplying 
the  intensity  ratio  by  the  amount  present  in  the  standard.  The  compositions  of  colum- 
bium  and  tantalum  in  Inconel  625  were  calculated  from  X-ray  intensities  compared  with 
pure  standards.  The  chromium  composition  for  TD  Nickel/chromium  was  also  simi¬ 
larly  determined. 

3.  6  MISSION  PROFILE  SIMULATION  TESTS 

Mission  profile  simulation  tests  were  conducted  to  determine  the  combined 
effects  of  temperature,  stress,  and  pressure.  The  effects  of  the  cyclic  oxidation  tests 
at  various  temperatures  and  at  atmospheric  and  low  pressures  were  determined  under 
zero  stress  conditions.  However,  stressing  can  conceivably  increase  gr^ss  and  inter¬ 
granular  oxidation  that  may  markedly  decrease  the  effective  life  of  foil  gage  superalloy 
structures. 

The  environmental  simulators  used  are  shown  in  Figures  12  and  13  and  were 
developed  at  Solar  under  Contract  AF33(657)-94 43  (Ref.  4).  In  the  test  chambers, 
specimens  were  simultaneously  subjected  to  the  representative  mission  profile,  a  con¬ 
stant  axial  stress,  and  a  constant  pressure.  The  mission  profile  is  a  one-hour  cycle 
similar  to  the  profiles  in  slow -cycle  atmospheric  pressure  oxidation  testing  (Fig.  6). 
The  mission  profiles  in  different  environmental  pressures  (760,  0.  c>,  and  10  Torr) 
were  found  to  be  similar.  This  similarity  exists  because  the  area  values  above  llOOT 
in  the  mission  profile  at  a  particular  Tmax  and  in  various  pressures  were  the  same. 

It  is  in  contrast  to  the  MGR  profiles,  where  the  area  above  1100*F  in  the  time- 
temperature  profile  was  greater  in  the  0.  18  Torr  pressure  than  in  the  760  Torr  pres¬ 
sure  (Table  V). 

The  profile  simulation  test  specimens  were  stressed  by  direct  deadweight  load¬ 
ing.  Specimen  elongation  w'as  measured  by  means  of  a  precision  linear  variable  dif¬ 
ferential  transformer  (LVDT)  connected  to  the  loading  apparatus.  Elongation  versus 
time  was  automatically  recorded  throughout  the  test  on  a  strip-chart,  potentiometer - 
type  recorder.  The  strain,  thus  recorded,  was  the  total  strain  in  the  entire  specimen. 


The  temperature  profile  was  achieved  by  means  of  a  preshaped  temperature- 
time  program  cam,  operating  in  conjunction  with  an  electronic  controller,  magnetic 
modulator,  and  silicon-controlled  rectifier.  Test  specimens  were  heated  with  twelve, 
500-watt,  clear  quartz  tubular  lamps  enclosed  in  a  water-cooled,  3  ^-inch  diameter, 
gold  plated  reflector  assembly.  A  thermocouple  (Pt/Pt-13Rh)  adjacent  to  the  surface 
of  the  lost  specimen  furnished  a  feedback  signal  to  the  temperature  control  system. 
Deviation  between  specimen  and  program  temperature  was  automatically  corrected  in 
the  control  system  by  regulating  the  power  to  the  quartz  lamp  heating  unit.  Continuous 
recording  of  specimen  temperature  was  maintained  throughout  the  test  period  to  indi¬ 
cate  any  deviation  from  the  test  program. 
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FIGURE  12.  ENVIRONMENTAL  SIMULATORS 

Precise  temperature  calibrations  were  made  using  0.  01-inch  thick  Haynes  2  a 
alloy  foil  for  the  2000°F  Tmax  profile  at  both  760  Torr  and  0.  18  Torr.  Two  thermo¬ 
couples  were  used  -  one  Pt/Pt-  IRh  aeld  adjacent  to  the  specimen  and  the  other, 
c-hromel-alurnel,  welded  to  the  specimen  in  the  one-inch  gage  section.  The  results 
indicate  that  there  was  less  than  15  degrees  F  temperature  gradient  at  2000“" F  between 
the  two  thermocouples. 
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TEMPERATURE  CALIBRATION  RESULTS  FOR  HAYNES  2E 
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FIGURE  13.  SCHEMATIC  OF  AN  ENVIRONMENTAL  SIMULATOR  TEST  UNIT 


For  low-pressure  testing,  the  chambers  were  evacuated  by  means  of  15  ofm 
mechanical  vacuum  pumps.  To  ensure  dynamic  test  conditions  and  as  high  a  flow  rate 
as  possible  through  the  test  chamber,  an  adjustable  needle  valve  was  used  to  control 
the  pressure.  Pressure  in  the  test  chamber  was  continuously  monitored  throughout 
testing  by  means  of  thermocouple -type  vacuum  gages  (Veeco  Type  DV-4AM  and  DV-1M). 
These  gages  were  calibrated  by  means  of  a  Stokes-McLeod  mercury  manometer. 

Both  of  Solar's  environmental  simulators  have  small  sight  ports  used  to  ob- 
erve  the  specimen  test  section  during  test.  These  sight  ports  are  approximately 
0.  375  inch  wide  by  1.  0  inch  long  so  that  the  entire  test  section  can  be  seen  from  out¬ 
side  the  chamber. 

The  profile  simulation  test  specimen,  shown  in  Figure  3,  was  11  inches  long 
and  hi*  i  a  one-inch  gage  length.  Eleven-inch  long  specimens  were  used  to  enable 
gripping  outside  the  hot  zone. 

ision  profile  simulation  tests  were  performed  on  six  superalloy  foils  at 
two  differei.  stress  values,  at  T__„  from  1800  to  2400°F  and  in  three  different  pres- 
nires  (750,  0  18,  and  10  Torr).  Two  different  stress  values  were  used  to  obtain  two 
oifferent  elongation  alues,  viz.  ,  about  one  and  five  percent.  The  stresses  were 
selected  from  c  eep  data.  The  unfailed  mission  profile  simulation  test  specimens 
«ere  evaluated  b  room  temperature  tensile  tests  and  by  metallcgraphic  analyses. 
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RESULTS 


The  results  of  creep  testing  and  the  effects  of  100  one-hour  slow-cycle  oxida¬ 
tion  exposures  on  the  six  superalloy  foils  (0.  01-inch  thick)  as  evaluated  bjr  weight  change 
measurements,  mechanical  testing,  and  various  diagnostic  techniques,  are  presented 
in  this  section.  The  effects  of  simulated  profile  exposures  are  also  described. 

4.  1  CREEP  TESTING 

Creep  test  data  are  presented  in  Table  VL  The  percent  creep  versus  time 
for  the  program  alloys  for  different  stress  levels  and  at  three  constant  temperatures 
(from  1800  to  2400°  F)  are  plotted  in  Figures  14A  through  14F.  The  creep  rates  for 
the  program  alleys  at  different  test  temperatures  are  given  in  Table  VII.  The  creep 
rate,  as  expected,  increased  with  temperature  for  all  the  program  alloys. 

At  1800  and  2000° F,  the  creep  rate  of  Rene*  41  and  Inconel  718  was  higher 
than  that  of  Haynes  25  and  Inconel  625  (Table  VII).  The  creep  rate  for  Haynes  25  and 
Inconel  625  was  about  the  same  for  temperatures  up  to  2100° F.  Recommended  maxi¬ 
mum  service  temperatures  from  creep  rate  considerations  (to  be  able  to  withstand  a 
minimum  stress  of  one  ksi  for  30  hours)  were: 

•  For  Haynes  25  and  Inconel  625  2100°  F 

•  For  Inconel  718  and  Rene'  41  2000°F 

The  creep  rate  of  the  four  alloys  mentioned  was  much  higher  than  that  of 
TD  Nickel  and  TD  Nickel/chromium  (Table  VII).  At  2000  to  2400°F,  the  creep  rate 
of  TD  Nickel/chromium  was  lower  than  that  of  TD  Nickel.  From  the  point  of  view  of 
creep,  these  two  alloys  (TD  Nickel  and  TD  Nickel/chromium)  appeared  to  be  useable 
at  temperatures  as  high  as  2400°  F. 

The  creep  testing  was  conducted  for  the  superalloy  foil  specimens  in  the  as- 
received  condition  only  and  has  been  described  first.  The  results  of  the  other  mechan¬ 
ical  tests  and  the  analytical  evaluation  will  be  presented  after  the  results  of  weight 
change  measurements  (oxidation  rate)  in  the  following  section. 


TABLE  Vf 


CREEP  TEST  DATA  FOR  SUPERALLOY  FOILS 


Superalloy 

Test 

Temperature 

<*F> 

Stress 

(ksi) 

Rene'  41 

1800 

7.  8 

1800 

5.  2 

1800 

3.  9 

1800 

1.  95 

1800 

1.  0 

2000 

1.  95 

2000 

1.  0 

Inconel  718 

1800 

1.5 

2000 

1.5 

Inconel  625 

1800 

1800 

1800 

1800 

1.7 

■ 

■ 

Haynes  25 

1800 

5.  8 

1800 

4.  0 

1800 

2.9 

1800 

1.  1 

2000 

4.0 

2000 

1.45 

2000 

1.  0 

2100 

1.0 

TD  Nickel 

2000 

8.  0 

2000 

7.0 

mm 

6.  0 

4.0 

2200 

5.  0 

2200 

4.  0 

2200 

3.  0 

2400 

3.  0 

2400 

2.  0 

TD  Nickcl/chromium 

2000 

14.  0 

2000 

13.  0 

10.  0 

8.  0 

12.  0 

2200 

10.  0 

2200 

9.  0 

a.  o 

4.  0 

2400 

8.  0 

2400 

6.  0 

2400 

5.  0 

Fraction  of 
18OTF 


Time  For  Elongation 


9.  3  hr 
13.  5  hr 


X% 

0.  7%  In  0.  5  hr 

0.  25%  in  1.  0 

hr 

0.45%  in  2.  5 

hr 

2.  1%  in  32.  0 

hr 

0.  7%  in  20.  0 

hr 

12.  5  hr 
28.  0  hr 


1.  5%  In  23  hr 


3.  S'!  In  25  min 
3.  5%  in  1.  7  hr 

3.  5%  in  20.  0  hr 
0.  7%  in  23.  0  hr 
0.7%  in  4.  5  hr 

4.  5%  in  6.  0  hr 


4.  25%  in  25.  0  hr 
4. 25%  in  28.  0  hr 
0.  25%  in  20.  0  hr 
<0.  25%  in  26.  0  hr 
Ruptured  after  16%. 

in  2.  5  hr 
8.  5%  in  22.  3  hr 


9.  7  hr 

- 

Ruptured  after  0.  9% 
in  1.  0  hr 

Ruptured  after  0.  9% 
in  2.  5  hr 

- 

Ruptured  after  25.  0  hr 

- 

0.  53%  in  70.  0  hr 

* 

Ruptured  after  3.  5% 
in  4.  7  hr 

14.  5  hr 

Run  terminated  after 

17.  0  hr 

- 

1.  8%  in  64.  0  hr 

24.  0  hr 

Run  terminated  after 

30.  0  hr 

- 

4.4%.  in  112.  0  hr 

- 

0.  75%  in  7.  5  hr 

Ruptured  after  9  hr 

0.  75%  in  7.  75  hr 

Ruptured  after  8.  0  hr 

- 

0.  75%  in  25.  0  hr 

- 

<0.  1%  in  21.  0  hr 

Ruptured  after  0,  7T/V 
in  45  min 

- 

Ruptured  after  9.  3  hr 

Ruptured  after  16.  6  hr 

- 

<0.  5%  in  28.  0  hr 

- 

0.  3%  in  30.  0  hr 

- 

Ruptured  after  1.  (VT 
in  1.  0  hr 

9.  25  hr 

7.  5%  In  10.  25  hr 

... 

!).  54%  In  30.  0  hr 
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CREEP  (7i)  CREEP  (7c) 


4  b  12  16  20  24  26  32 


FIGURE  14.  CREEP  VERSUS  TIME  FOR  THE  SIX  PROGRAM  ALLOYS  (Sheet  1  of  3) 
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FIGURE  14.  CREEP  VERSUS  TIME  FOR  THE  SIX  PROGRAM  ALLOYS  (Sheet  2  of  3) 
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WEIGHT  GAIN  (mg/cm2) 


2200*F 

■ 

■ 

- 0. 18  Torr 

■ 

-  760  Torr 

I 

- 

2400*F 

1 

■ 

_ 

2000*F 

— 

2200*F 

■ 

9 

■ 

2000*  F 

s| 

1 

■ 

180VF  ^2000-F 

1800*F  _200<rF  7/ 

Risoor  22<MrF 

_ 

9 

12.5 


10.0  J- 


7.5 


5.0 


2.5 


_1 

£  -2.5 

S2 


u 

SC 


-5.0 


I2100*F 


2000*  F 


2000*F 


RENE '41  INCONEL  INCONEL  HAYNES 
718  625  25 


NICKEL  TD  NICKEL/ 
CHROMIUM 


FIGURE  15.  WEIGHT  CHANGES  OF  SUPERALLOY  FOILS  AFTER  100 
ONE-HOUR  SLOW- CYCLE  OXIDATION  EXPOSURES 


4.2  OXIDATION  RATE 


The  oxidation  rates  for  the  six  superalloy  foils  after  different  atmospheric 
pressure  oxidation  exposures  and  for  the  four  selected  alloys  after  0. 18  Torr  exposure 
are  given  in  Table  VIOL  The  oxidation  rate  is  expressed  as  average  percent  weight 
change  and  also  as  mg/cm2.  Comments  regarding  the  specimen's  oxidised  surface 
and  oxide  adherenoy  or  exfoliation  are  included  in  Table  VUL  The  oxidation  r«te  data 
cannot  be  considered  accurate  because  of  oxide  spalling  (hiring  thermal  cycling.  How¬ 
ever,  the  weight  change  data  gave  an  indication  of  the  oxidation  characteristics  of  the 
alloys.  Tim  weight  changes  for  the  superalloy  folio  are  plotted  in  bar  graph  form  in 
Figure  15. 

The  oxidation  rate  for  the  superalloys,  in  general,  was  found  to  increase  with 
increasing  Tml(X  am)  to  decrease  with  decreasing  environmental  pressure  (Table  vm). 
The  apparent  lower  oxidation  rate  at  higher  Tmi)X  (e.  g. ,  Inconel  625,  Hayneo  25,  and 
TD  Nickel)  was  due  to  the  spalling  of  oxide,  large  oxide  spalling  occurred  for  all  the 
superalloys  except  TD  Nickel/ohromium  during  atmospheric  pressure  oxidation  ex¬ 
posure  at  higher  oxidation  temperatures  (2000*F  for  Rene'  41,  Inconel  718,  and  Inconel 
825  -  21(MFF  for  Haynes  25  -  2400* F  for  TD  Niokel).  Some  spalling  of  green  NiO  for 
TD  Niokel  oocurred  during  oyolio  oxidation  exposures  (760  Torr  as  well  as  0. 18  Torr) 
at  2200*F. 
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TABLE  Vin 


OXIDATION  RATE  OF  SUPERALLOY  FOILS 


100  One-Hour  Slow -Cycle 
Oxidation  Exposures  at 

Average  Weight 
Change  Due  to 

Temperature 
f  F) 

Pressure 

(Torr) 

Oxidation  Exposure 

Super  alloy 

(1) 

(mg/om2) 

Comments 

Rene'  41 

1800 

760 

gm 

41.  19 

Dark  gray  oxidized  surface. 

2000 

760 

Bm 

43. 17 

Large  spalling  of  oxide. 

Inconel  718 

1800 

760 

40.47 

Dark  gray  oxidized  surface 

2000 

760 

DQ 

40.  72 

Large  spalling  of  oxide. 

bvconel  625 

1800 

760 

40.30 

40.  33 

Dark  gray  oxidized  surface. 

2000 

760 

-0.92 

-2.  67 

Large  spalling  of  oxide. 

1800 

0.18 

40.22 

40.23 

Oxide  adherent. 

Haynea  IS 

1800 

760 

40. 47 

40.81 

Dark  gray  oxidized  surface. 

2000 

760 

40.64 

40.91 

Dark  gray  oxidized  surface. 

2100 

760 

-0.42 

-0.S3 

Spalling  of  oxide  -  dark  oxidized  surface. 

2000 

0. 18 

40. 17 

40.  21 

Oxide  adherent. 

TD  Nickel 

2000 

760 

44.48 

45.7 

Dark  greenish  oxidized  surface. 

2200 

760 

48.3 

411.0 

Dork  greenish  oxidized  surface. 

2400 

760 

46.3 

47. 15 

large  spalling  of  green  NIO. 

2200 

0.18 

40.62 

40.73 

Spalling  of  green  NiO. 

TD  Nickel/ 

2000 

760 

40.09 

40.11 

Dark  gt  vanish  oxidized  surface. 

ohromlum 

2200 

760 

45.  11 

45.93 

Dark  gray  to  greenish  oxidized  surface. 

2400 

760 

40. 16 

40.19 

Dark  gray  to  dark  greenish  oxidized  surface. 

2200 

0.18 

41.76 

*2.3 

Dark  gray  to  dark  greenish  oxidized  surface. 

2400 

0.  18 

Run  not  completed  due  to  MGR  fhrnaoe 
problems  (arc  discharge  and  vaporisation 
of  silicon). 

4  Weight  Gain 
-  Weight  Lees 
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Among  the  four  alloys  (Rene'  41,  Inconel  718,  Inconel  625,  and  Iiaynes  25) 
subjected  to  1800°F,  760  Torr,  and  100  cycles  of  oxidation  exposure,  the  rate  of  oxi¬ 
dation  was  found  to  be  the  highest  for  Rene'  41  (1. 19  mg/cm2)  and  least  for  Inconel  625 
(0.  23  mg/cm^)  (Fig.  15).  The  specimens  of  these  four  alloys  oxidized  at  18O0*F 
(760  Torr  as  well  as  0. 18  Torr)  showed  a  characteristic  dark  gray  oxidized  surface 
and  exhibited  no  spalling. 

Among  the  six  alloys  subjected  to  atmospheric  pressure  oxidation  exposures 
at  2000“  F,  the  oxidation  rate  was  highest  for  TD  Nickel  (5. 7  mg/cm2)  and  lowest  for 
TD  Nickel/chromium  (0.  09  mg/cm2)  as  shown  in  Table  VIE  and  Figure  15.  The  TD 
Nickel  specimens  were  embrittled  due  to  oxidation  exposure  at  2400”  F;  therefore,  TD 
Nickel  alloy  was  not  considered  serviceable  at  2400*  F.  TD  Nickel/c  nromium  specimens 
were  found  to  be  satisfactory  at  temperatures  up  to  2400”  F.  In  addition  to  the  oxidation 
rate  data,  the  effects  of  oxidation  exposures  on  the  mechanical  properties  were  also 
evaluated. 

4.  3  MECHANICAL  PROPERTY  DATA 

The  mechanical  property  test  results  for  the  superalloy  specimens  in  the  as- 
received  and  oxidized  conditions  are  presented  in  this  section.  The  tests  inc’nded  ten¬ 
sile,  notch  tensile,  and  high-rate  tensile  properties,  room-temperature  fatigue,  and 
elevated  temperature  fatigue  strength. 

4. 3. 1  Tensile  Test  Results 

Tensile  test  data  for  the  six  program  alloys  at  room  temperature,  T^m,  and 
Tmax  in  the  as-received  and  oxidized  conditions  are  given  in  Table  IX  for  Rene*  41 
and  Inconel  718;  in  Table  X  for  Inconel  625  and  Haynes  25;  and  in  Table  XI  for  TD 
Nickel  and  TD  Niokel/chromium,  These  data  include  average  values  for  Ftu,  Fjy, 
percent  elongation  at  F^,  percent  total  elongation  and  elastic  modulus,  the  peroent 
loss  in  Ftu  and  Fty,  and  in  elongation  due  to  the  different  oxidation  exposures.  Bar 
graphs  of  Ftu*  Fl  and  peroent  elongation  at  Ftu*  different  test  temperatures  for  the 
six  superalloy  foils  in  the  as-received  and  oxidized  conditions  are  presented  in 
Figure  16  for  Rene'  41  and  Inconel  718;  in  Figure  17  for  Inconel  625  and  Haynes  25; 
and  in  Figure  18  for  the  two  dispersion  strengthened  alloys.  These  results  could  not 
be  presented  as  tensile  strength  versus  temperature  curves  because  the  tensile  te.vs  ^ 
was  conducted  only  at  three  (or  a  maximum  of  four)  different  temperatures. 

In  the  as-received  condition  and  at  room  temperature,  the  highest  value 
Fty  (or  F^)  wafl  exhibited  by  Rene*  41  (110  ksi)  followed  by  TD  Nickel/chromiura, 

Haynes  25,  Inconel  625,  Inconel  718,  and  TD  Nickel  (54. 7  ksi).  The  room  temperature 
percent  total  elongation  was  about  the  same  (-43  percent)  for  Haynes  25,  Inconel  625, 
and  Inconel  718  followed  by  Rene'  41  ( -  30  peroent),  TD  Niokel/Chromium  (14. 5  per¬ 
cent)  and  TD  Niokel  (11. 0  peroent).  Thus,  the  two  dispersion  strengthened  alloys  were 
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TENSILE  TEST  DATA  FOR  RENE'  41  AND  INCONEL  718  FOILS  (0.  01  in.  ) 
IN  AS-RECEIVED  AND  OXIDIZED  CONDITIONS 


TENSILE  TEST  DATA  FOR  INCONEL  625  AND  HAYNES  25  FOILS  (0.  01  in.  ) 
IN  AS-RECEIVED  AND  OXIDIZED  CONDITIONS 
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Test  direction  -  Transverse  Original  area  of  cross  section  of  unoxidized  specimens  was 

used  for  calculation  of  Ftu.  Fty  and  E- 

R  -  As  received  3 


TENSILE  TEST  DATA  FOE  TD  NICKEL  AND  TD  NICKEL/CHROMIUM  FOILS  (0.  01  in. ) 
IN  AS-RECEIVED  AND  OXIDIZED  CONDITIONS 
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FIGURE  16.  TENSILE  PROPERTIES  AT  DIFFERENT  TEMPERATURES  FOR 
RENE'  41  AND  INCONEL  718  FOILS  IN  VARIOUS  CONDITIONS 
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FIGURE  18.  TENSILE  PROPERTIES  AT  DIFFERENT  TEMPERATURES  FOR 
TD  NTCKEL  AND  TD  NICKEL/CIIROMIUM  FOILS  IN  VARIOUS 
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found  to  have  the  lowest  room  temperature  ductility;  TD  Nickel  had  the  lowest  Ftu,  Fty, 
and  elongation  values  at  room  temperature  among  the  six  superalloys.  With  increasing 
temperature,  Ftu,  Fty,  and  modulus  values  decrease,  as  expected,  for  all  six  program 
alloys  (Tables  IX,  X,  and  XI).  Among  the  six  program  alloys,  at  2000°F,  the  highest  Fty 
(or  F^)  values  was  exhibited  by  TD  Nickel/chromium  (16. 1  ksi)  followed  by  TD  Nickel 
(11.  6  ksi),  Haynes  25  (8.  8  ksi),  Inconel  625  (5. 1  ksi),  and  Rene'  41  (4. 4  ksi)  or 
Inconel  718  (4.3  ksi).  Also,  at  2000°  F,  the  percent  elongation  at  Ftu  (not  total  elonga¬ 
tion  at  failure)  was  slightly  less  than  one  percent  for  all  the  superalloys  except  TD 
Nickel/chromium,  for  which  the  elongation  at  Ftu  was  0.  2  percent.  The  percent  elon¬ 
gation  at  Ftu  values  was  obtained  for  all  specimens.  Only  the  total  elongation  values 
were  obtained  in  some  cases  because  of  experimental  restrictions.  As  such,  compre¬ 
hensive  comparison  of  the  total  elongation  values  at  high  temperatures  for  the  super¬ 
alloys  cannot  be  made.  The  low  modulus  values  (-  10  x  106  ksi)  for  TD  Nickel  and 
TD  Nickel/chrox.  .um  at  high  temperatures  (1600°  F  and  higher)  were  found  to  be  in 
agreement  with  the  literature  (Appendix).  The  modulus  values  are  qualitative  only  be¬ 
cause  of  the  experimental  error  associated  with  obtaining  the  slope  of  the  linear  section 
of  stress-strain  curves  at  elevated  temperatures.  The  effects  of  oxidation  exposures 
on  the  tensile  properties  of  the  six  superalloy  foils  are  discussed  in  following  paragraphs. 

Precipitation  Hardened  Alloys  (Rene1  41  and  Inconel  718) 

The  atmospheric  pressure  oxidation  exposures  for  100  one-hour  slow  cycles 
resulted  in  loss  in  tensile  properties  (F(-u,  Fty,  or  percent  elongation),  the  loss  being 
more  after  the  2000°  F  Tmax  exposure  than  after  the  1800°F  Tmax  exposure  (Table  EX 
and  Fig.  16).  The  higher  degradation  in  tensile  data  due  to  the  2000°  F  exposure  rather 
than  after  the  1800°F  exposure  for  the  two  alloys,  was  most  likely  because  of  greater 
decarburization,  grain  growth,  intergranular  cracking,  and  fi  phase  instability  (for 
Rene'  41  only).  The  loss,  in  general,  was  higher  for  Rene'  41  than  for  Inconel  718 
wh  eh  could  be  the  result  of  extensive  intergranular  cracking  in  the  case  of  Rene'  41, 
as  discussed  in  Paragraph  4.  4. 1  on  metallographic  analysis,  and  to  more  rapid  general 
oxidation  (para  4.  2).  The  decrease  in  tensile  properties  was  least  at  T„  (1800  or 

UA 

20‘  ’F)  as  compared  to  that  at  room  temperature  or  at  T(jm.  (The  for  Rene'  41 
is  <;00°F  and  for  Inconel  718  is  1300° F.  )  Loss  in  Fty  at  room  temperature  after  the 
200'"F  oxidation  exposure  was  higher  than  33  percent  and,  as  such,  1800°F  was  selec¬ 
ted  as  Tmax  for  these  two  alloys. 

Although  the  oxidation  effects  were  more  severe  for  Rene’  41  than  for  Inconel 
718,  the  residual  Fty  (or  F^u)  values  after  the  two  oxidation  exposures  were  higher  for 
Ret  e’  41  than  for  Inconel  718  at  room  temperature  and  at  1800°F  (Fig.  16).  The  Fty 
values  at  T(jm  for  the  two  alloys  could  not  be  compared  since  the  for  the  two  alloys 
were  different.  But  the  residual  elongation  values  at  F^  were  higher  for  Inconel  718 
in  the  temperature  range  of  room  temperature  to  2000° F. 
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The  Rene'  41  and  Inconel  718  alloys  were  eliminated  from  the  remainder  of 
the  program  based  on  the  mechanical  property  data  and  the  effects  of  atmospheric  pres¬ 
sure  oxidation  exposure.  As  such,  these  two  alloys  were  not  subjected  to  0. 18  Torr 
oxidation  exposure.  The  remaining  four  alloys,  Inconel  625,  Haynes  25,  TD  Nickel, 
and  TD  Nickel/chromium  were  subjected  to  both  atmospheric  and  low-pressure  cyclic 
oxidation  exposure.  The  oxidation  effects  on  tensile  data  are  discussed  in  the  next 
section. 

Solid  Solution  Strengthened  Alloys  (Inconel  625  and  Haynes  25) 

The  atmospheric  pressure  cyclic  oxidation  exposure  for  100  cycles  with 
Tmax  =  1800  or  2000°  F  caused  no  significant  degradation  in  tensile  properties  for  the 
Haynes  25  and  Inconel  625  alloys,  except  for  a  34  percent  loss  in  room  temperature 
yield  strength  of  Inconel  625  after  the  2000°  F  oxidation  exposure  (Table  X  and  Fig.  17). 
The  2100° F  atmospheric  pressure  oxidation  exposure  for  Haynes  25  resulted  in  a  34 
percent  loss  in  room  temperature  yield  strength.  Based  on  this  loss  and  other  oxida¬ 
tion  effects  and  creep  rate  considerations,  the  temperatures  2000  and  2100° F  were  con¬ 
sidered  too  high  for  Inconel  625  and  Haynes  25,  respectively.  The  Tmax  selected  for 
Inconel  625  was  1800°F  and  2000°F  for  Haynes  25.  The  low-pressure  (0. 18  Torr)  oxi¬ 
dation  exposure  for  these  two  alloys  were  conducted  at  their  selected  Tmax.  The  low- 
pressure  (0. 18  Torr)  oxidation  exposure  at  1800°F  for  100  cycles  caused  negligible 
loss  in  tensile  properties  of  Inconel  625.  But  the  100-cycle  exposure  at  2000°  F  and 
0. 18  Torr  for  Haynes  25  resulted  in  greater  loss  in  tensile  properties  (less  than  33 
percent)  than  the  100-cycle  exposure  at  2000°F  and  760  Torr  (Table  X  and  Fig.  17). 

Thus,  Inconel  625  and  Haynes  25  were  found  satisfactory  for  use  up  to  Tmax  of  1800 
and  2000°F,  respectively,  in  both  760  Torr  and  0.  18  Torr  oxidation  exposures. 

The  residual  room  temperature  F^  or  percent  elongation  at  Fj-U  after  oxidation 
exposures  at  1800  or  2000°F  (Table  X  and  Fig.  17),  for  Inconel  625  and  Haynes  25 
were  about  the  same.  But  at  1800  or  2000°  F,  Haynes  25  exhibited  higher  residual 
Fty  (or  Ftu)  and  percent  elongation  at  Ftu  than  Inconel  625. 

Dispersion  Strengthened  Alloys  (TD  Nickel  and  TD  Nickel/chromium 

The  ultimate  and  yield  strength  values  for  oxidized  specimens  of  TD  Nickel 
and  TD  Nickel/chromium  were  found  to  decrease  with  increasing  temperature  as  was 
the  case  with  the  as-received  specimens  (Table  XI  and  Fig.  18).  In  the  case  of  TD 
Nickel,  increasing  loss  in  room  temperature  tensile  properties  occurred  with  increas¬ 
ing  oxidation  exposure  temperature  or  pressure.  This  increase  was  due  to  loss  in 
cross  section  and  to  build  up  of  the  brittle  nickel  oxide.  Highest  loss  occurred  in  room 
temperature  tensile  properties.  The  degradation  in  tensile  properties  was  much  less 
at  160(»' !■'  Ilian  at  room  temperature.  At  2200"  F,  the  I'V,  values  were  higher  for  the 
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oxidized  specimens  than  for  the  as-received  specimens.  These  higher  values  may  be 
explained  on  the  basis  that  NiO  (NaCl  structure)  exhibited  significant  ductility  at  2000 
to  2200°F  and  carried  part  of  the  load.  Stress  values  were  calculated  based  on  cross 
section  of  the  preoxidized  specimen.  During  oxidation  exposure,  the  thickness  and 
area  of  the  TD  Nickel  specimen  increased  due  to  NiO  formation.  Thus,  the  use  of  re¬ 
duced  area  values  (original  area  rather  than  the  oxidized  area)  resulted  in  higher  values 
for  Fftj  or  Fty.  For  TD  Nickel,  at  the  higher  oxidation  temperature,  a  greater  loss 
in  tensile  properties  (F^  and  percent  elongation)  occurred  at  room  temperature  and 
at  1600°  F  (Table  XI).  However,  increasing  the  oxidation  pressure  from  0. 18  Torr 
to  760  Torr  resulted  in  greater  loss  in  room  temperature  tensile  properties  only,  de¬ 
creased  loss  in  tensile  properties  at  1600°  F,  and  improvement  in  tensile  properties 
at  2000  and  2200°F.  Results  of  the  increased  oxidation  pressure  are  believed  to  be 
due  to  plasticity  of  NiO  at  a  higher  temperature  and  the  increase  in  the  cross  section 
of  the  specimen  after  oxidation. 

After  the  2400° F,  760  Torr  oxidation  exposure,  the  TD  Nickel  specimens  were 
severely  oxidized  and  embrittled,  resulting  in  72.  7  percent  loss  in  room  temperature 
F^-  The  TD  Nickel  alloy  showed  satisfactory  tensile  properties  after  oxidation  ex¬ 
posures  up  to  2200° F  in  760  Torr  or  0. 18  Torr.  Thus,  the  Tmax  for  TD  Nickel  was 
2200°  F. 


In  the  case  of  TD  Nickel/chromium,  the  loss  in  tensile  properties  was  less 
than  33  percent  after  the  "arious  oxidation  exposures  up  to  a  Tmax  of  2400° F  and  in 
atmospheric  or  low  pressure  (0. 18  Torr)  dry  air  environment.  The  2400°F,  0. 18  Torr, 
and  100-cycle  oxidation  exposure  could  not  be  completed  in  the  MGR  because  of  arc 
discharge  and  vaporization  of  silicon  (onto  the  specimens)  from  Globar  heating  ele¬ 
ments.  One  TD  Nickel/chromium  tensile  test  specimen  was  subjected  to  2400°F,  100 
cycles,  and  0.  18  Torr  exposure  In  a  mission  profile  environmental  simulator  (Fig.  12 
and  13)  without  any  stress.  This  oxidized  specimen  was  then  evaluated  by  room  tem¬ 
perature  tensile  test  and  by  metallographic  analysis  only.  Therefore,  only  the  room 
temperature  tensile  test  data  for  the  TD  Nickel/chromium  superalloy  specimen  after 
a  100-cycle  oxidation  exposure  at  2400°F  and  0.  18  Torr  was  obtained.  In  lieu  of 
2400°F  -  0. 18  Torr  oxidized  specimens,  a  batch  of  40  TD  Nickel/chromium  specimens 
was  subjected  to  a  100-cycle  oxidation  exposure  in  the  MGR  furnace  at  2200°F  and 
0. 18  Torr.  For  this  oxidized  condition,  the  tensile  test  data  at  room  temperature, 

Tdm»  arM*  Tmax  are  included  in  Table  XI.  From  this  tensile  test  data,  TD  Nickel/ 
chromium  was  found  satisfactory  for  service  up  to  2400°  F. 

The  loss  in  tensile  properties  was  much  lower  for  TD  Nickel/chromium  than 
for  TD  Nickel.  Also,  the  residual  (or  as-received)  tensile  values  were  found  to  be 
higher  for  TD  Nickel/chromium  than  for  TD  Nickel. 
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FIGURT.  NOTCH  ULTIMATE  TENSILE  STRENGTH  AT  ROOM  TEMPERATURE 
FOR  SUPERALLOY  FOILS  (0.  01-Inch  Thick)  IN  VARIOUS  CONDITIONS 


4.  3.  2  N  n  Tensile  Test, Results 

The  results  of  room  temperature  notch  tensile  tests  for  the  six  superalloys 
in  the  as-received  and  oxidized  conditions,  and  the  elevated  temperature  notch  tensile 
test  results  for  the  four  selected  alloys  {Inconel  625,  Haynes  25,  TD  Nickel,  and  TD 
Nickel/chromium)  are  given  in  Table  XII.  The  Table  includes  Fntu,  Fnty,  elongation 
at  Fn(.u,  total  elongation,  modulus  values,  notch  strength  ratio  (NSR),  and  percent  loss 
in  Fntu  and  Fnty  due  to  various  oxidation  exposures  The  room  temperature  notch 
ultimate  strength  values  for  the  superalloy  foils  in  ihe  as-received  and  oxidized  con¬ 
ditions  are  plotted  in  bar  graph  form  in  Figure  19.  The  notch  strength  ratio  was  cal¬ 
culated  as 
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for  the  oxidized  specimens 


The  notch  tensile  specimens  of  all  the  six  program  alloys  in  the  as-received 
condition  exhibited  negligible  elongation  values  and  the  notch  yield  strength  (Fnt  )  values 
were  only  slightly  less  than  the  notch  ultimate  strength  values  <Fntu).  The  notc^  ten¬ 
sile  test  results  for  the  six  alloys  are  discussed  in  following  paragraphs. 
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NOTCH  TENSILE  TEST  DATA  FOR  SUPERALLOY  FOILS  IN  AS-RECEIVED  AND  OXIDIZED  CONDITIONS 
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Precipitation  Hardened  Alloys  (Rene1  41  and  Inconel  718) 

For  these  two  alloys  the  percent  loss  in  room  temperature  Fntu  or  Fnty  was 
more  after  the  100-cycle  exposure  at  2000*  F  and  760  Torr  than  after  an  180(FF  exposure. 
Also  this  degradation  was  greater  for  Rene'  41  than  for  Inconel  718  (Table  XII  and 
Fig.  19).  These  effects  on  notch  tensile  strength  values  resulting  from  oxidation  ex¬ 
posure  were  similar  to  those  on  standard  tensile  properties  discussed  earlier 
(para  4. 3. 1).  The  NSR,  a  measure  of  notch  sensitivity,  was  less  than  unity  for  both 
alloys  in  the  as-received  or  oxidized  conditions.  There  was  a  slight  increase  in  NSR 
values  due  to  the  oxidation  exposure  (except  for  a  slight  decrease  from  0.  89  to  0.  84 
for  Rene’  41  after  a  100-cycle  oxidation  exposure  at  180(FF  and  760  Torr). 

Solid  Solution  Strengthened  Alloys  (Inconel  625  and  Haynes  25) 

These  two  alloys  showed  no  degradation  in  notch  tensile  strength  values  after 
the  100-cycle  oxidation  exposure  at  1800*F  and  760  Torr  (Table  XU  and  Fig.  19). 

But  a  loss  in  room  temperature  notch  strength  values  (Fjgy)  for  Inconel  625  was 
10. 7  percent  and  32. 2  percent  after  a  100-cycle  oxidation  exposure  at  180(FF  and 
0. 18  Torr  and  at  2000°  F  and  760  Torr,  respectively.  For  Haynes  25,  the  loss  in  room 
temperature  Fnty  after  100  hours  of  cyclic  oxidation  exposure  at  2000* F  and  0. 18  Torr, 
and  at  2100°F  and  760  Torr  was  7.  8  percent  and  15.  0  percent,  respectively.  Higher 
loss  in  room  temperature  Frity  occurred  with  increasing  oxidation  temperature  and 
lower  pressure  (0. 18  Torr)  for  both  Inconel  625  and  Haynes  25  (similar  to  the  decrease 
in  Fty  ( Table  X).  The  degradation  in  notch  tensile  strength  due  to  different  oxidation 
exposures,  in  general,  was  greater  for  Inconel  625  than  for  Haynes  25  (Table  XU). 

Also,  the  residual  strength  values  were  higher  for  Haynes  25  than  for  Inconel  625 
(Fig.  19). 

The  NSR  at  room  temperature  for  the  two  alloys  was  less  than  unity  in  the 
as -received  or  oxidized  conditions.  The  NSR  at  room  temperature  decreased  after 
different  oxidation  exposures  for  Inconel  625  (from  0.  87  to  0.  79);  whereas,  it  increased 
for  Haynes  25  (fi  om  0.  73  to  0.  94  -  Table  XII). 

The  effects  of  increasing  test  temperatures  on  the  notch  tensile  properties  of 
the  tv.o  alloys  in  the  as-received  or  oxidized  conditions  were; 

•  A  decrease  in  Fntu  and  Fntv 

•  Ductility  minimum  behavior  from  changes  in  total  percent  elongation  values 

•  Increase  in  NSR  values  (Table  XII),  i.  e.  ,  these  two  alloy  foils  were  not 
notch  sensitive  at  temperatures  above  T(jm  (1300°  F  for  Inconel  625  and 

!  100°  F  for  Haynes  25) 
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There  was  a  definite  loss  in  Fnty  at  of  the  two  alloys  because  of  different 
oxidation  exposures;  for  Inconel  625  about  17  percent  for  exposures  at  18(Kf  F;  for 
Haynes  25  it  was  3. 9  and  14.  8  percent  for  exposures  at  2000*  F  and  760  and  0. 18  Torr, 
respectively.  At  Tmax  (18O0*F  for  Inconel  625  and  2000*F  for  Haynes  25)  there  was 
no  decrease  in  or  Fnty  for  Inconel  625,  but  the  loss  in  Fnty  was  24  percent  for 
Haynes  25  after  oxidation  exposures  at  2000*  F  at  both  760  or  0. 18  Torr.  Low-pressure 
(0. 18  Torr)  oxidation  exposures,  in  general,  resulted  in  similar  effects  on  notch  tensile 
test  data  as  the  760  Torr  oxidation  exposure. 

Dispersion  Strengthened  Alloys  (TD  Nickel  and  TD  Nickel/Chromium) 

For  TD  Nickel,  increasing  loss  in  room  temperature  F^  occurred  with  higher 
oxidation  temperatures  or  pressures  as  was  the  case  in  standard  tensile  tests  (Tables 
XT  and  XII).  fiigh-temperature  notch  tensile  tw.a  for  TD  Nickel  were  not  conducted. 

For  TD  Nickel/chromium,  less  than  10  percent  loss  in  notch  tensile  yield  strength 
values  at  room  temperature  was  observed  due  to  oxidation  exposures  to  the  Tmax  of 
2400*  F.  The  loss  In  F^,  at  1600*  F  for  TD  Nickel/chromium  after  the  2200*  F  oxidation 
exposures  at  760  Torr  and  at  0. 18  Torr  was  4. 5  percent  and  11.  7  percent,  respectively. 
There  was  no  significant  degradation  in  high-temperature  (2200°F)  properties  because 
of  220<TF  oxidation  exposures. 

The  NSR  at  room  temperature  was  more  than  unity  only  in  the  case  of  TD 
Nickel  among  the  six  superalloys.  Thus,  TD  Nickel  is  least  notch  sensitive.  The 
high-temperature  NSR  for  TD  Nickel  could  not  be  obtained  but  the  literature  values 
are  cited.  It  is  reported  (ReL  5)  that  for  FD  Nickel,  the  ratio  of  notched  to  unnotched 
strength  remains  greater  than  unity  from  75  to  almost  200(FF.  Above  2000*  F,  notched 
and  unnotched  tensile  strengths  are  reported  to  be  identical  (Ref.  5).  The  NSR  for 
TD  Nickel/chromium  in  the  as-received  condition  was  0. 90  at  room  temperature  and  0. 77 
at  2<MKPF,  Thus  TD  Nickel/chromium  was  found  to  be  more  notch  sensitive  than  TD 
Nickel.  At  room  temperature,  the  NSR  for  oxidized  TD  Nickel /chronuu.  •  specimens 
was  of  the  same  order  of  magnitude  as  for  as-received  specimens.  But  at  temperatures 
of  lOOtTF  or  higher,  the  NSR  was  higher  for  the  oxiJired  TD  Nickel/chromium  speci¬ 
mens  than  for  as-received  specimens,  and  was  greater  than  unity  (Table  XU).  In 
the  oxidised  conditions,  TD  Nickel/chromium  was  found  to  be  not  notch  sensitive  at 
temperatures  of  160(FF  or  higher. 

4. 3. 3  High  Rate  Tensile  Test  Results 

High  rate  tensile  teat  data  (room  temperature)  for  Ftu  and  percent  elongation 
(average  values)  for  the  superalloy  foil  specimens  in  the  as-received  and  oxidized  con¬ 
ditions  are  given  in  Table  XHL  For  comparison,  the  room  temperature  standard  ten¬ 
sile  test  results  are  included  in  Table  xm.  Typical I  'ad  versus  elongation  oscilloscope 
traces  are  reproduced  in  Figure  20. 
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TABLE  XIII 


HIGH  STRAIN  RATE  TENSILE  TEST  DATA  (at  RT)  FOR  SUPERALLOY  FOILS 
(0.  01  in. )  IN  AS-RECEIVED  AND  OXIDIZED  CONDITIONS 


Super  alloy 

Condition 

F 

tu 

(ksi) 

Loss  in 

F 

*tu 

<%) 

Total 

Elongation 
(%  in  1  in. 
gage  length) 

Loss  in 
Elongation 

<%) 

R 

Oxidized  for  100 
one -hour  cycles 

Temperature 

fF) 

Pressure 

(Torr) 

" 

R 

standard  ter 

sile  data 

136.0 

49.0 

Inconel  325 

R 

- 

- 

145.6 

- 

48.  8 

- 

1800 

760 

147.4 

None 

44.5 

8.  8 

1800 

0. 18 

144.  5 

0.7 

45.5 

6.  8 

R 

standard  ter 

isile  dat 

153.  0 

• 

49.  0 

Haynes  25 

R 

- 

- 

156.6 

- 

51.6 

- 

1800 

760 

150.5 

None 

36.0 

30.0 

2000 

760 

153.  3 

None 

45.  5 

10.5 

' 

2000 

0. 18 

14*  .  2 

9.2 

48.0 

7.0 

R 

standard  ten 

sile  data 

71.5 

.. 

11.0 

TD  Nickel 

R 

- 

- 

81.3 

- 

15.5 

- 

2000 

760 

71.0 

12.  6 

5.3 

65.7 

2200 

760 

62.2 

23.  5 

2.4 

84.5 

2200 

0, 18 

73.  2 

10.0 

13.  0 

12.9 

R 

standard  ten 

sile  data 

143.  0 

14.  0 

^ .  . 

TD  Nickel/ 

R 

- 

- 

138.3 

- 

12.  0 

- 

chromium 

2000 

760 

141.0 

None 

15.5 

None 

2200 

760 

142.5 

None 

14.  5 

None 

2200 

0.18 

127.9 

11.4 

12.5 

13.  8 

L 

2400 

760 

130.0 

6.0 

9.  1 

24.2 

Test  Direction 


Trans v.rse  -  Ineorel  625,  Haynes  25,  TD  Nickel 
Longitudinal  -  TD  Nickel/ chromium 
R  -  As  received 
Strain  Rate  -  1500  in,  /in.  /min 


* 


38 


c.  TD  Nickel 

Oxidi/ed  100  Cycles 
2200°  F 
760  Torr 

x-axis  1  cm  =  0.  120  inch 
y-axis  1  cm  100  pounds 


D.  TD  Nickel 

Oxidized  100  Cycle* 

220<TF 

0.  19  Torr 


FIGURE  20.  OSCILLOSCOPE  TRACES  FOR  TYPICAL  LOAD  VERSUS  ELONGATION; 
As- Received  and  Oxidized  Superalloy  Foils  (Sheet  1  of  2) 
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E.  fhjnm  25  F.  A*-iUMi««d  TV  Htefcri/OgWBto 

Oxidized  100  Cycle* 

2co<rr 

700  Torr 


G.  TO  Nickel  'Chromium 
Oxidized  100  Cycles 
220ir  v 
760  Torr 

x-uxts  1  cm  0.  120  inch 
v-axts  1  cm  i  00  pounds 


H.  TD  Nickel /CLromhmt 
Cob di  zed  100  Cycle* 
:40(rr 
760  Torr 


FIG  t  HI!  20.  OSCILLOSCOPE  TRACES  FOR  TYPICAL  LOAD  VERSUS  ELONGATION'; 
As-Received  and  Oxidized  Superalloy  Foils  fSheet  2  of  2) 
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In  the  as-received  condition,  the  and  total  elongation  values  were  about 
the  same  from  the  two  tensile  tests.  The  Ftu  and  elongation  values  from  the  high  rate  , 
(1500  in.  /in.  /min)  tensile  'ests  were  slightly  higher  for  TD  Nickel  and  Haynes  25, 
and  somewhat  lower  for  TD  Nickel/chromium  than  from  the  standard  tensile  tests. 

Among  the  four  superalloy  foils,  the  Ftu  and  elongation  values  at  room  temperature 
were  highest  for  Haynes  25.  The  elongation  values  were  lowest  for  TD  Nickel/chromium 
(Table  xm  and  Figure  20).  High  strain  rate  had  essentially  a  negligible  effect  on 
the  tensile  properties  of  the  four  superalloy  foils. 

Because  of  ringing  in  the  load  cell,  the  load  versus  elongation  oscilloscope 
traces  were  not  smooth  curves  (Fig.  20).  The  traces  of  Inconel  625  and  Haynes  25 
(Fig.  20A  and  20E)  with  large  elongation  values  can  be  easily  distinguished  from 
those  of  TD  Nickel  and  TD  Nickel/chromium  with  small  elongation  values  (Fig.  20B 
and  20F). 


!•: 
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There  was  no  significant  loss  in  high  rate  tensile  strength  for  the  Inconel  625, 
Haynes  25,  and  TD  Nickel/chromium  alloys  due  to  various  oxidation  exposure.  In 
the  case  of  TD  Nickel,  maximum  loss  in  Ftu  (23.  5  percent)  and  elongation  values 
(84.  5  percent)  occurred  as  a  result  of  exposure  at  2200°F  and  760  Torr.  Exposures 
at  2200° F  and  0.  18  Torr,  and  2000“F  and  760  Torr  had  less  effect  on  the  F^,  for  this 
alloy. 

The  loss  in  Ftu  for  the  four  superalloy  foils  in  the  high  rate  tensile  test  was 
less  than  that  in  the  standard  tensile  test.  For  the  purpose  of  determining  the  degra¬ 
dation  resulting  from  oxidation  exposures,  the  standard  tensile  test  is  considered  to 
be  a  more  severe  test. 


From  the  load  versus  elongation  oscilloscope  traces,  the  effect  of  oxidation 
exposures  on  ductility  of  TD  Nickel  and  TD  Nickel/chromium  can  be  readily  appreciated. 
In  the  case  of  TD  Nickel,  the  elongation  was  lowest  after  2200°  F  MGR  exposure  at  at¬ 
mospheric  pressure  rather  than  at  0.  18  Torr  pressure  (Fig.  20B,  C,  and  D). 


In  all  cases  necking  occurred  during  high  rate  tensile  tests,  but  occurred  to 
a  greater  extent  in  the  case  of  as-received  Inconel  625  and  Haynes  25.  Shear  fracture 
occurred  for  the  four  superalloy  foils  in  the  as-received  condition.  But  for  the  oxidized 
superalloy  specimens,  the  fracture  occurred  perpendicular  to  the  test  direction. 


4.  3.  4  Room  Temperature  Fatigue  Test  Results 

Results  of  room  temperature  fatigue  tests  for  the  six  superalloy  foils 
(0.  01  inch)  in  the  as-received  and  oxidized  conditions  are  presented  in  the  form  of  the 
S-N  (maximum  stress,  S,  in  ksi  versus  fatigue  life,  N,  in  cycles)  curves.  The  S-N 
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curves  are  plotted  in  Figure  21  for  Rene'  41  and  Inconel  718,  in  Figure  22  for 
Inconel  625  and  Haynes  25  and  in  Figure  23  for  TD  Nickel  and  TD  Nickel/chromium. 
From  these  S-N  curves,  the  fatigue  limit  for  5  x  106  cycles  was  determined.  The  room 
temperature  fatigue  limit  for  the  superalloy  foils  in  the  as -received  condition  and  after 
various  oxidation  exposures  are  presented  in  Table  XIV,  and  also  in  bar  graph  form  in 
Figure  24.  In  the  as -received  condition,  the  room  temperature  fatigue  limit  was 
highest  for  Rene'  41  (92.  0  ksi)  followed  by  Inconel  718,  Inconel  625,  Haynes  25,  TD 
Nickel/chromium,  and  least  for  TD  Nickel  (48.  0  ksi).  The  effects  of  different  oxida¬ 
tion  exposures  on  room  temperature  fatigue  life  for  the  superalloys  are  discussed  in 
succeeding  paragraphs. 

Precipitation  Hardened  Alloys  (Rene'  41  and  Inconel  718) 

The  atmospheric  pressure  oxidation  exposures  caused  a  decrease  in  fatigue 
life  for  both  alloys;  the  decrease  was  greater  at  higher  stresses  (Fig.  21)..  The  loss 
in  room  temperature  fatigue  limit  due  to  100  one-hour  slow-cycle  atmospheric  pressure 
oxidation  exposures  with  Tmax  of  1800  or  2000“F  was  17. 4  percent  and  38  percent,  re¬ 
spectively,  for  Rene'  41,  and  11.  9  and  50.  0  percent,  respectively,  for  Inconel  718 
(Table  XIV).  Thus,  greater  loss  in  fatigue  limit  occurred  for  Inconel  718  than  for 
Rene'  41  after  2000°F  oxidation  exposure.  The  residual  room  temperature  fatigue 
limit  was  higher  for  Rene'  41  than  for  Inconel  718  (Fig.  24).  The  loss  in  fatigue  limit, 
because  of  a  100 -cycle  oxidation  exposure  at  2000° F  and  760  Torr  was  higher  than  33 
percent  for  both  alloys.  Therefore,  these  two  alloys  were  not  considered  satisfactory 
for  service  at  2000“  F. 

Solid  Solution  Strengthened  Alloys  (Inconel  625  and  Haynes  25) 

There  was  a  general  decrease  in  fatigue  life  for  both  Inconel  625  and  Haynes 
25  due  to  the  different  oxidation  exposures,  except  in  the  case  of  Inconel  625  after  a 
100-cycle  exposure  at  1800°F  and  0. 18  Torr.  The  loss  in  room  temperature  fatigue 
limit  because  of  100  one-hour  cyclic  atmospheric  pressure  oxidation  exposures  with 
Tmax  of  1800  or  2000°F  was  32.  9  and  50.  0  percent,  respectively,  for  Inconel  625  and 
12.  0  and  27.  0  percent,  respectively,  for  Haynes  25  (Table  XIV).  The  residual  fatigue 
limit  was  higher  for  Haynes  25  than  for  Inconel  (Fig.  22  and  24). 

The  loss  in  fatigue  limit  resulting  from  atmospheric  pressure  oxidation  ex¬ 
posure  at  a  Tmax  of  2000°F  for  Inconel  625  and  at  a  Tmax  of  2100°F  for  Haynes  25 
was  50  and  60  percent,  respectively  (i.  e,  ,  greater  than  33  percent).  As  such,  the 
recommended  Tmax  for  Inconel  625  was  1800°  F  and  for  Haynes  25  it  was  2000°  F.  The 
low  pressure  (0.  18  Torr)  oxidation  exposure  at  a  T  of  1800° F  for  Inconel  625  and 
a  Tmax  of  2000° F  for  Haynes  25  resulted  in  17.  0  and  24.  8  percent  loss  in  room  tem¬ 
perature  fatigue  limit,  respectively.  The  percentage  losses  were  less  than  that  due 
to  the  similar  atmospheric  pressure  oxidation  exposures. 


.  s  <k»i)  MAXIMUM  STRESS,  S  fltsi) 


FIGURE  21.  ROOM  TEMPERATURE  FATIGUE  CURVE8  ,S-N);  Rene'  41 
and  Inconel  718  Foils 
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FIGURE  22.  ROOM  TEMPERATURE  FATIGUE  CURVES  (S-N);  Inconel  625 
and  Haynes  25  Folia 
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MAXIM  I'M  STRESS.  S  fkflil  MAXIMUM  STRESS.  S  (kail 


FIGURE  23.  ROOM  TEMPERATURE  FATIGUE  CURVES  (S-h);  TD  Nickel 
and  TD  Nickel/Chromium  Foils 
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TABLE  XTV 


RT  FATIGUE  LIMIT  FOR  SUPERALLOY  FOILS  (0.  01  in. ) 
IN  AS-RECEIVED  AND  OXIDIZED  CONDITIONS 


8uperalloy 

Condition 

Room  Temperature 
Fatigue  limit 
(5  x  106  cycles) 
(ksi) 

Loss  in 

Room  Temperature 
Fatigue  Limit 
due  to 

Oxidation  Exposure 
(%) 

Oxidized  for  100 
one -hour  cycles 

Temperature 

fF) 

Pressure 

(Torr) 

Rene’  41 

D 

e* 

<■» 

92.0 

760 

76.0 

17.4 

1 

■  r  iVii  ■ 

760 

51.0 

38.0 

lnoonel?18 

H 

- 

85.0 

• 

1800 

^60 

75.0 

11.9 

2000 

760 

37.0 

50.0 

Inconel  625 

R 

- 

• 

82.0 

- 

1800 

760 

55.0 

32.9 

1800 

0.  18 

68.0 

17.0 

2000 

760 

41.0 

50.0 

Haynee  25 

R 

- 

- 

75.0 

- 

1800 

760 

66.0 

12.  0 

2000 

760 

55.0 

27.0 

2000 

0.18 

56.5 

24.  8 

2100 

760 

35.0 

60.0 

TD  Nickel 

R 

- 

48.0 

- 

760 

43.2 

10.0 

2200 

760 

32.0 

33.3 

2200 

0.18 

34.0 

29.2 

TD  Nickel/ 

R 

- 

- 

65.0 

chromium 

2000 

780 

65.0 

None 

2200 

760 

65.0 

None 

2200 

0.  18 

65.0 

None 

2400 

760 

60.0 

7.7 

Test  Direction 


Transverse  -  Rene'  41  Inconel  716,  Inconel  625,  Haynes  25,  TD  Nickel 
Longitudinal  -  TD  Nickel  chromiun. 


R  -  Ae  received 


FIGURE  24.  ROOM  TEMPERATURE  FATIGUE  LIMIT  FOR  SUPERALLOY  FOILS 


Dispersion  Strengthened  Alloys  (TD  Nickel  and  TD  Nlckel/Chromlum) 


For  TD  Nickel,  there  was  an  overall  decrease  in  fatigue  life  because  of  dif¬ 
ferent  oxidation  exposures  (Fig.  23).  For  TD  Nickel,  the  loss  in  room  temperature 
fatigue  limit  was  greater  :it  higher  oxidation  temperatures  ( >33. 3  percent  loss  due 
to  exposure  at  2200*  F  and  760  Torr  and  only  10  percent  loss  after  exposure  at  2000*  F 
and  760  Torr)  as  well  as  at  higher  pressures  ( >  33.  3  percent  loss  due  to  exposure  at 
2200*  F  and  760  Torr  and  29.  2  percent  loss  after  exposure  at  2200*  F  and  0. 18  Torr  - 
Table  XIV  and  I  24). 

For  TD  Nickel/chromium,  the.  e  was  only  a  maximum  of  7. 7  percent  loss  in 
room  temperature  fatigue  limit  because  of  a  100-cycle  oxidation  exposure  at  2400*F 
and  760  Torr  (Table  XIV).  The  other  oxidation  exposures  caused  no  decrease  in  fatigue 
limit  for  TD  Nickel/chromium.  As  a  matter  of  fact,  the  fatigue  life  was  improved 
after  a  1 00-cycle  oxidation  at  Tmlx  of  2000  or  2200*  F  and  760  Torr  as  indicated  by  the 
S-N  curves  in  Figure  23. 


77 


Based  on  overall  performance  in  room  temperature  fatigue  tests,  the  TD 
Nickel/chromium  alloy  was  best,  followed  by  Haynes  25,  TD  Nickel,  and  Inconel  625. 
The  Inconel  625  alloy  had  the  least  residual  fatigue  limit,  and  underwent  maximum 
degradation  in  fatigue  strength  because  of  the  different  oxidation  exposures  among  the 
four  selected  alloys  (Inconel  625,  Haynes  25,  TD  Nickel,  and  TD  Nickel/chromium). 

4. 3.  5  High  Temperature  Fatigue  Test  Results 

The  tension-tension  fatigue  test  results  of  the  four  selected  superalloy  foils 
in  the  as-received  and  oxidized  conditions  at  the  ductility  minimum  temperature  are 
given  in  Table  XV  (Inconel  625  and  Haynes  25)  and  Table  XVI  (TD  Nickel  and  TD  Nickel/ 
chromium).  Fatigue  tests  at  ^dm  for  the  four  selected  superalloy  foils  after  ]  00  one- 
hour  slow-cycle  exposures  at  the  respective  T__„  and  at  760  and  0. 18  Torr  were  con- 

nicix 

ducted.  The  S-N  curves  (maximum  stress,  S,  vs  fatigue  life,  N,  cycles)  are  presented 
for  the  two  solid  solution  strengthened  alloys  in  Figure  25A  and  B)  and  for  the  two  dis¬ 
persion  strengthened  alloys  in  Figure  25C  and  D.  From  these  S-N  fatigue  curves,  the 
fatigue  limits  (0.  5  million  cycles)  of  the  alloys  were  determined  and  are  tabulated  to¬ 
gether  with  the  Ftu  at  the  Tjm. 

Super  Alloy  and  Fatigue  Limit  at  Tjm  Ftu  at 

Tdm  (same  as  Exposure  (for  0.  5  x  106  cycles)  T^ 


Test  Temperature) 

Condition 

(ksi) 

(ksi) 

Inconel  625 

As  Received 

72 

90.  1 

1300°F 

Ox.  1800°F  -  760  Torr 

68 

92.4 

Ox.  1800°F  -  0. 18  Torr 

68 

91.  0 

Haynes  25 

As  Received 

47 

76.  2 

1400°F 

Ox.  1800°  F  -  760  Torr 

55 

71.  7 

Ox.  2000°  F  -  760  Torr 

47 

71.  6 

Ox.  2000°  F  -  0.  18  Torr 

37 

60.  3 

TD  Nickel 

As  Received 

14.  6 

22.  9 

1600°F 

Ox.  2000° F  -  760  Torr 

17.  9 

20.  9 

Ox.  2200° F  -  760  Torr 

14.3 

19.  0 

Ox.  2200° F  -  0.  18  Torr 

13.  3 

18.  6 

TD  Nickel/ 

As  Received 

29.  0 

31.3 

chromium 

1600°  F 

Ox.  2000°  F  -  760  Torr 

28.  5 

2  7.  4 

Ox.  2200°F  -  760  Torr 

27.  0 

24.  5 

Ox.  2200° F  -  0.  18  Torr 

27.  0 

25.  6 

Ox.  2400° F  -  760  Torr 

26.  9 

23.  7 
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ELEVATED  TEMPERATURE  AXIAL  FATIGUE  OF  INCONEL  625  AND  HAYNES  25  FOILS 


MAXIMUM  STRESS,  S  <ksi>  MAXIMUM  STRESS,  S  <ksl) 


||:| 

lit 


FATIGUE  UFE,  M  (cycle) 


D,  TD  Nickel/ Chromium 


-O  As  Received 


. O  As  received 

-  —  —A  2000* F,  760  Torr,  100  cycles 
Q  22O0*F,  0, 18  Torr,  100  cycles 
>  — —  Q  2200’F,  760  Torr,  100  cycles 
■  2400*F,  760  Torr,  100  cycles 


-A  2000*  F,  Torr 


-O2200*F.  Torr 

*0  2200* F,  760  Torr 
-•  2400*  F,  Torr 


'  A 


After  100  one-hour  slow-cycle 
oxidation  exposures. 

Test  direction  -  Longitudinal 

Frequency  -  3000  cpm 

Minimum  stress  =  0.  IS  maximum  stress 

Fatigue  life  »  5  x  105  cycles  I 


On  a 


FATIGUE  UFE,  N  (cyole) 

FIGURE  25.  ELEVATED  TEMPERATURE  TENSION- TENSION  FATIGUE  OF 
0.  01-INCH  INCONEL  625,  HAYNES  25,  TD  NICKEL,  AND 
TD  NICKEL/CHROMIUM  FOILS  (Sheet  2  of  2) 


The  fatigue  limit  of  the  Inconel  625  and  Haynes  25  alloys  cannot  be  directly 
compared  because  the  test  temperatures  were  different.  But  for  the  two  dispersion 
strengthened  alloys,  the  fatigue  testing  was  conducted  at  the  same  temperature,  i.  e.  , 
1600°F.  The  fatigue  limit  for  TD  Nickel /chromium  was  found  to  be  twice  as  high  as 
that  of  TD  Nickel.  The  chromium  in  TD  Nickel  appears  to  increase  the  fatigue  limit 
by  about  100  percent. 

In  the  as-received  or  oxidized  conditions,  the  fatigue  limit  at  T^,  as  ex¬ 
pected,  was  lower  than  Ftu  at  T^  for  Inconel  625,  Haynes  25,  and  TD  Nickel.  But 
in  the  case  of  TD  Nickel/chromium,  in  the  oxidized  conditions,  the  fatigue  limit  at 
Tdm  was  higher  than  the  respective  Ftu  at  T^m.  Even  in  the  as-received  condition, 
there  was  significant  cycle  life  at  a  stress  of  31.  0  ksi,  which  is  very  close  to  the  Ftu 
value  of  31.  3  ksi  (Fig.  25D).  This  rather  unusual  characteristic  of  TD  Nickel/ 
chromium,  though  difficult  to  account  for,  could  be  the  result  of  its  strain  rate  sensi¬ 
tivity.  The  strain  rate  used  in  MTS  fatigue  tests  for  a  frequency  of  3000  cpm  was  much 
higher  than  the  strain  rate  (0.  05  in.  /in.  /min)  used  in  tensile  tests.  The  higher  strain 
rate  could  result  in  higher  F^u  values  than  those  obtained  at  a  low  strain  rate  of 
0.  05  in.  /in.  /min  (although  no  effects  of  high  strain  rate  on  room  temperature  tensile 
data  were  observed). 

There  was  no  significant  loss  in  high  temperature  fatigue  limits  (for  0.  5  x  106 
cycles)  for  the  four  superalloy  foils  due  to  various  oxidation  exposures.  Considerably 
higher  losses  in  room  temperature  fatigue  limits  (for  5  x  106  cycles)  for  the  superalloys 
occurred  (except  TD  Nickel/chromium)  after  different  oxidation  exposures  (Table  XIV). 
Therefore,  TD  Nickel/chromium  is  the  only  alloy  of  the  four  superalloys  tested  which 
exhibited  no  loss  in  room  temperature  fatigue  limit  and  exhibited  less  than  seven  per¬ 
cent  loss  in  high  temperature  fatigue  limit  because  of  oxidation. 

The  highest  loss  in  elevated  temperature  fatigue  limit  was  about  20  percent 
for  Haynes  25  after  a  100 -cycle  oxidation  exposure  at  2000°  F  and  0.  18  Torr.  In  the 
case  of  Haynes  25,  there  was  no  loss  in  fatigue  limit  after  100  one-hour  slow -cycle 
atmospheric  pressure  oxidation  exposures  at  Tmax  of  1800  or  2000°F.  Thus  for 
Haynes  25,  0.  18  Torr  was  found  to  be  a  more  severe  oxidation  pressure  than  760  Torr. 
This  finding  was  indicated  not  only  by  elevated  temperature  fatigue  data,  but  also  by 
tensile  test  data  (Ftu,  Ftv)  at  room  temperature  and  elevated  temperatures,  notch  ten¬ 
sile  test  data  (Fnty  or  Fntu)  at  room  temperature  and  at  1400°F,  and  room  temperature 
high-rate  Ftu  value.  In  the  case  of  room  temperature  fatigue  testing,  the  loss  in  fa¬ 
tigue  limit  after  760  Torr  oxidation  exposure  (27  percent)  was  slightly  higher  than  that 
after  0.  18  Torr  oxidation  exposure  (24.  8  percent)  at  2000°  F  for  100  one-hour  slow-cycle 
oxidation  exposures  (Table  XIV). 
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In  the  case  of  TD  Nickel,  the  fatigue  limit  was  higher  (though  the  F{-u  at  1600°F 
was  lower)  in  the  2000°F  and  760  Torr  100-cycle  oxidized  condition  than  in  the  as- 
received  condition  (Figure  25C).  Because  of  oxidation  exposures  at  2200° F,  the  fatigue 
limit  decreased,  the  maximum  loss  in  fatigue  limit  being  about  nine  percent. 

4.4  ANALYTICAL  RESULTS 

The  results  of  various  diagnostic  techniques  are  described  in  this  section. 

The  diagnostic  techniques  employed  were  optical  microscopy,  gas  analyses,  micro¬ 
hardness  determination,  X-ray  diffraction  analyses,  and  electron  microprobe  analyses. 
These  analytical  techniques  were  used  to  evaluate  the  effects  of  oxidation  exposures  on 
the  superalloy  foils. 

4.  4. 1  Optical  Microscopy 

The  results  of  the  microscopic  examination  of  the  six  superalloy  foils  in  the 
as-received  condition  and  after  various  oxidation  exposures  are  discussed  in  the  follow¬ 
ing  paragraphs. 

Precipitation  Hardened  Alloys  (Rene1  41  and  Inconel  718) 

The  cold  rolled  foils  of  Rene'  41  and  Inconel  718  alloys  were  annealed  in  a 
protective  atmosphere  at  1975  and  1800°F,  respectively.  The  microstructure  of  as- 
received  Rene'  41  and  Inconel  718  were  similar,  the  ASTM  grain  size  being  6  and  7, 
respectively  (Fig.  26A  and  27A).  Carbide  stringers  were  present  in  both  alloys. 

Rene'  41  exhibited  a  finer  grain  structure  along  the  edges  than  in  the  middle;  Inconel  718 
showed  uniform  grain  size  all  along  the  specimen.  Atmospheric  pressure  air  exposure 
produced  surface  scaled,  oxidation  attack  along  grain  boundaries,  and  decarburization 
(the  extent  of  decarburization  being  higher  at  2000° F  than  at  180O°F).  Grain  growth  was 
minor  for  Rene’  41  due  to  exposure  at  temperatures  up  to  2000°  F  because  of  carbide 
precipitation  at  grain  boundaries  (Ref.  7),  but  extensive  grain  growth  and  twinning 
was  observed  for  Inconel  718  after  exposure  at  2000? F  (Fig.  27C).  Alloy  depletion 
(probably  carbon,  titanium,  chromium,  ana  aluminum)  removed  the  rapid  etching  grain 
boundaries  after  the  oxidation  exposure,  particularly  for  Rene'  41  after  the  2000°F 
exposure  (Fig.  26C).  Along  the  edges,  extensive  intergranular  oxidation  attack  was 
observed  for  Rene'  41,  especially  due  to  a  2000°F  MGR  profile  exposure.  Intergranular 
oxidation  attack  for  Inconel  718  due  to  a  2000°F  MGR  profile  exposure  was  less  severe 
than  that  for  Rene’  41  in  the  1800° F  profile  exposure  (Fig.  26B  and  27C).  For 


1.  For  Rene'  41,  the  surface  oxide  has  been  reported  to  consist  of  AI9O3,  Cr  O3, 
NiCr204,  and  Ti02  (after  oxidation  at  1800°F)  with  traces  of  NiO  after  oxidation  at 
2000° F  (Ref.  0).. 
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FIGURE  26.  MICR08TRUCTURE  OF  RENE'  41  FOIL  IN  AS-RECEIVED  AND 
OXIDIZED  CONDITIONS 
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I0CR06TRUCTURE  OF  INCONEL  718  FOIL  IN  AS-RECEIVED 
AND  OXIDIZED  CONDITIONS 


Rene'  41  the  remnants  of  the  ft  phase  particles  inside  the  grains  were  present  after 
the  1800*F  exposure  ami  not  after  the  2000°F  exposure  (Fig,  26B  and  C).  The  oxi-  - 
dation  effects  were  less  pronounced  after  the  1800*F  profile  exposure  than  after  the 
2000°F  profile  exposure,  and  also  less  severe  for  Inconel  718  than  for  Rene*  41. 

The  effects  of  aging  treatments  on  the  concentration  of  the  minor  phases  in 
Rene*  41,  and  a  few  other  selected  alloys  (IN-100,  31900,  U700,  and  Unitemp  AF2-1D), 
are  discussed  in  Reference  8.  Four  minor  phases  were  found  in  Rene'  41  -  n ,  MC, 
MgC,  and  MggCg.  The  ft  phase  is  trigonal  and  was  designated  (Fe,  Co)7(Mo,  W)g  by 
P.  A.  Beck,  et  al  (Ret  9).  The  amount  of  the  ft  phase  increases  rapidly  with  temper¬ 
ature  until  it  reaches  a  maximum  at  about  1700*7.  The  ft  phase  is  the  dominant  phase 
from  about  1500  to  about  1800*  F,  and  becomes  completely  unstable  between  1800  and 
1900* F  (Ret  7).  This  is  in  agreement  with  the  above  metallographic  findings;  namely 
the  remnants  of  the  ft  phase  (equiaxed  dark  etching  phase)  were  present  inside  the 
grains  only  after  the  1800*F  profile  exposture  and  not  after  the  200Q*F  profile  exposure 
(Fig,  26B  and  26C).  Rene '41  is  unstable  because  it  forms  thep  phase  (Ret  10). 

The  solubility  limit  of  y'-N^Al,  Ti)  in  Rene'  41  was  reported  to  be  between 
1900  ana  1950* F  while  that  of  the  MgC  phase  was  around  2150*F  (Ret  11).  The  MC 
phase  was  the  dominant  carbide  phase  at  the  lower  temperature  range  from  1400  to 
about  1500°  F.  The  amount  of  MC  remained  relatively  stable  up  to  about  1600“F  and 
then  decreased  with  temperature  until  it  reached  a  minimum  at  about  1800*F  (Ret  10). 
The  amount  of  MgC  remained  relatively  stable  up  to  about  1700“  F.  It  then  increased 
with  temperature  until  it  reached  a  maximum  between  1900  and  200<FF.  The  MgC 
phase  was  the  dominant  carbide  phase  from  about  1800  to  about  2100*F  and  became 
completely  unstable  between  2100  and  2200*  F.  The  amount  of  M^Cg  increased  with 
temperature  until  it  reached  a  maximum  at  16(MFF.  It  became  completely  unstable 
between  1800  and  1900*  F  (Ref.  12).  Based  on  the  foregoing  information  and  comparison 
of  Figures  26B  and  C  and  those  In  Reference  10,  the  white  precipitates  alor$  the 
grain  boundaries  of  Rene'  41  after  760  Torr  exposures  were  most  likely  carbides  of 
the  MgC  type. 

The  effects  of  static  atmospheric  pressure  oxidation  exposures  for  various 
times  up  to  100  hours  at  different  temperatures  (1650,  1825,  2190,  and  2370*  F)  on 
Inconel  718  (0. 4  to  0. 6  cm  thick)  are  discussed  in  Reference  13.  These  oxidation  ex¬ 
posures  resulted  in  a  surface  scale  formation,  intergranular  oxidation,  and  internal 
oxidation.  The  surface  scale  was  identified  to  consist  of  and  the  cubic  spinel 

(Fe,  NDCrgO^.  Oxidation  at  1653“  F  resulted  in  the  formation  of  thin  needle-like  pre¬ 
cipitates  Nig(Ti.Cb)  in  the  matrix.  Above  1825*F,  the  Nig  (Ti ,  Ct>)  precipitates  dissolved 
in  the  lattice  while  both  the  number  and  slxe  of  the  inclusions  (titanium  cyanonitride) 
increased  (Ref.  13).  As  such,  the  second -phase  particles  (Fig.  27B  and  C)  of  oxi¬ 
dised  Inconel  718  are  most  likely  inclusions  of  the  same  type  (titanium  cyanonitride). 
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On  the  basis  of  metallographic  findings,  it  ean  be  stated  that  Rene'  41  and 
Inconel  718  became  unstable  at  temperatures  above  180<PF.  These  findings  are  in 
agreement  with  the  mechanical  property  data  of  those  two  alleys  (para  4. 3). 

8oiid  Solution  Strengthened  Alloys  (Inconel  625  and  Haynes  25) 

Inoonel  625,  The  Inconel  625  foil  was  cold  rolled  from  0. 056-inch  stock,  annealed  at 
205CTF  for  one  minute  in  a  protective  atmosphere,  and  rapidly  air  cooled.  The  resul¬ 
tant  microstructure  (Fig.  28A  and  B)  Indicated  reorystallization  with  some  twinning. 

The  ASTM  grain  size  was  6.  Carbide  particles  were  noticeably  drawn  in  the  longitudi¬ 
nal  rolling  direction,  appearing  as  small  spheroids  in  the  transverse  direction.  The 
edges  appeared  to  have  retained  the  rolled  microstructure.  Because  of  the  atmospheric 
oxidation  exposures  to  temperature  profiles  with  Tmax  of  1800  and  2000*F,  there  was 
slight  grain  growth,  decarburization,  oxidation  attack  along  grain  boundaries,  and  the 
formation  of  an  alloy  depletion  layer  (Fig.  28C,  D,  E,  and  F).  The  decarburization 
was  more  after  the  2000*F  exposure  than  after  the  1800*F  exposure  But,  in  both  cases, 
the  carbides  were  present  along  the  grain  boundaries.  The  microstructures  exhibited 
twinning  after  the  oxidation  exposure.  The  effects  of  low  pressure  (0. 18  Torr)  oxidation 
exposure  at  18WFF  on  Inconel  62S  were  similar  to  those  described  above,  except  that 
the  decarburisation  appeared  to  be  less  after  the  0. 18  Torr  exposure  (Fig.  28G  and  H). 
There  could  be  carbon  pickup  bom  the  oil  vapors  of  the  vacuum  pump.  The  thickness 
of  the  alloy  depletion  layer  of  Inconel  625  after  various  oxidation  exposures  is  given 
in  the  following  tabulation. 

Thickness  of  Alloy  Depletion 
loo -Cycle  layer  in  Inoonel  625 

Oxidation  Exposures  (mil) 


1 800*  F  -  760  Torr  0.45 

180if  F  -  0, 18  Torr  0. 15 

200CTF  -  760  Torr  0.  85 

Thus  with  increasing  oxidation  temperature  or  with  increasing  environmental 
pressure,  the  thickness  of  the  alloy  depletion  layer  was  found  to  increase. 

Hsynes  25.  The  Haynes  25  alloy  was  annealed  at  225(TF  in  a  protective  atmosphere. 
The  resultant  microstructure  (Fig.  29A,  B,  C,  and  D)  indicated  complete  reorys- 
talli  ration  with  twinning.  Although  not  as  predominant  as  in  the  Inconel  625  microstruo 
tare,  carbide  stringers  were  evident  in  the  longitudinal  direction  (Fig.  29C  and  E) 
and  appeared  as  spheroids  in  the  transverse  direction  (Fig.  29 A  and  B).  There 
could  be  a  few  inclusions  in  addition  to  carbides.  The  ASTM  grain  site  was  five  and 
tbs  grains  were  coarser  then  those  in  the  as -received  Inconel  625.  The  edge#  of 
Haynes  25  had  a  structure  similar  to  the  substrate  and  were  not  characterised  by  a 
rolled  microstructure  as  in  Inconel  625. 
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FIGURE  28.  MICROSTRUCTUn E  OF  INCONEL  625  FOIL  IN  AS-RECEIVED 
CONDITION  AND  AFTER  100-CYCLE  OXIDATION  EXPOSURE 
(Sheet  1  of  2) 
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FIGURE  29.  MICROSTRUCTURE  OF  HAYNES  25  FOIL  I  AS-RECEIVED 
CONDITION  AND  AFTER  100  ONE-HOUR  SLOW -CYCLE 
OXIDATION  EXPOSURES  (Sheet  1  of  3) 
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FIGURE  29.  MICROSTRUCTURE  OF  HAYNES  25  FOIL  IN  AS-RECEIVED 
CONDITION  AND  AFTER  100  ONE-HOUR  SLOW-CYCLE 
OXIDATION  EXPOSURES  (Sheet  2  of  3) 
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FIGURE  29.  MICROSTRUCTURE  OF  HAYNES  25  FOIL  IN  AS-RECEIVED 
CONDITION  AND  AFTER  100  ONE-HOUR  SLOW-CYCLE 
OXIDATION  EXPOSURES  (Sheet  3  of  3) 
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Because  of  atmospheric  pressure  oxidation  exposures,  there  was  decarfauri- 
satkm  (para  4.4, 2),  oxidation  attack  along  grain  boundaries,  oxide  formation  at  the 
edges,  and  the  formation  of  an  alloy  depletion  layer  (Fig.  2SE,  F,  G,  H,  I,  and  J).  In 
addition,  there  was  grain  growth  and  the  grain  size  increased  with  increasing  oxidation 
temperature.  There  were  intergranular  cracks  along  the  edges,  the  number  awl  size 
of  which  increased  with  the  exposure  temperature.  During  oxidation  exposures  the 
carbide  particles  were  found  to  precipitate,  and  at  higher  oxidation  temperatures  (2000 
and  21<KFF>,  the  carbide  particles  agglomerate  (Ref.  14).  The  carbide  particle  size 
was  maximum  after  the  100-cycle  exposure  at  2100* F  and  760  Torr.  (Fig.  291  and  J). 

The  excessive  grain  growth  and  intensive  grain  boundary  oxidation  attack  indicated  that 
2!00*F  was  too  high  a  service  temperature  for  Haynes  25  (Fig.  291  and  J). 

The  effects  of  low  pressure  (0. 18  Torr)  oxidation  exposure  at  2000° F  appeared 
to  be  similar  to  those  effects  of  atmospheric  pressure  oxidation  exposure  at  2000°  F 
(Fig.  29G,  H,  K,  and  L),  The  recrystallization  twins  were  present  after  the  various  oxi¬ 
dation  exposures.  No  significant  pressure  effects  could  be  observed  from  metallo- 
graphic  analyses. 

The  alloy  depletion  layer  decreased  in  chromium  and  manganese  content 
(para  4. 4. 5).  The  thicknesses  of  the  alloy  depletion  layers  after  various  oxidation 
exposures  are  contained  in  the  following  tabulation. 

Thickness  of  Alloy  Depletion 
100 -Cycle  Layer  in  Haynes  25 

Oxidation  Exposures  (mil) 


1800*.  -  760  Torr  0.  6 

2000PF  -  760  Torr  1.  0  to  1.  2 

2000*  F  -  0. 18  Torr  1.  0  to  1.  2 

2100°F  -  760  Torr  0.  5 

During  oxidation  exposure,  the  oxides,  either  spinel  (Ni,  Mn)  Cr204  at  760 
Torr  or  (Cr,  Mn)203  at  0. 18  Torr  (para  4. 4. 4)  were  formed.  This  formation  resulted 
in  depletion  of  chromium  and  manganese  in  layers  immediately  adjacent  to  the  oxide/ 
metal  interface.  From  internal  oxidation  effects  discussed  in  Paragraph  4. 4. 2,  the 
compounds  along  the  grain  boundaries  could  be  Cr203,  Cr2N,  or  carbides. 

Thus,  the  effects  of  oxidation  exposure  on  these  two  solid  solution  strengthened 
alloys  were  somewhat  similar  -  oxidation  attack  along  grain  boundaries,  oxide  forma¬ 
tion,  formation  of  an  alloy  depletion  layer,  decarburization,  and  grain  growth.  Although 
no  significant  pressure  effects  could  be  observed,  definite  temperature  effects  were 
noted  from  the  metallographic  analyses. 


94 


Dispersion  Strengthened  Alloys  (TD  Nickel  and  TD  Nickel/ Chromium) 

TD  Nickel.  The  microstructures  of  TD  Nickel  in  the  as-received  condition  (both  longi¬ 
tudinal  and  transverse)  and  after  various  oxidation  exposures  are  shown  in  Figure  30A 
through  J).  The  stress  relief  anneal  at  2000*F  in  a  protective  atmosphere  did  not  alter 
the  coldworked  microstructure  of  the  TD  Nickel  alloy.  The  elongation  of  the  grain 
structure  in  the  extrusion  direction  was  readily  evident  (Fig.  30A  and  B).  The  grains 
have  been  reported  to  be  up  to  0. 001  inch  (0.  003  cm)  long,  with  a  length/width  ratio 
of  about  10:1  in  the  transverse  direction  (Ret  15).  Marked  preferred  orientation  of 
grains  was  especially  evident  in  the  transverse  direction  (Fig.  30G  and  H). 

After  the  various  oxidation  exposures,  there  was  considerable  surface  oxi¬ 
dation  (NiO)  as  well  as  internal  oxide  formation.  This  oxide  was  quite  adherent  to  the 
substrate  during  cyclic  oxidation  at  Tmax  of  2000° F.  Spalling  of  the  oxide  began  during 
2200°F  cyclic  oxidation  and  was  extensive  during  the  2400“ F  oxidation  exposure.  For¬ 
mation  of  oxide  in  the  substrate  (internal  oxidation)  is  evident  in  the  microstructure 
of  TD  Nickel  after  atmospheric  pressure  oxidation  exposures  at  2200  or  2400°F 
(Fig.  30D,  E,  and  F).  Also  after  low  pressure  (0. 18Torr)  oxidation  exposure  at 
2200°F,  oxide  particles  in  the  substrate  were  evident  (Fig.  301  and  J).  Mo  appre¬ 
ciable  difference  in  the  oxidation  characteristics  of  longitudinal  and  transverse  TD 
Nickel  specimens  could  be  observed  (Fig.  301  and  J)  which  is  in  agreement  with  the 
literature  (Ref.  15).  Intergranular  attack  by  oxidation,  often  observed  in  other  super¬ 
alloys,  was  not  observed  in  TD  Nickel.  This  lack  of  intergranular  p^ack  is  a  major 
enabling  factor  in  load  carrying  ability  and  useful  life  at  elevated  temperatures. 

The  thicknesses  of  the  unoxidized  substrate  and  of  the  oxide  formed  are  given 
below.  The  thickness  values  of  the  oxide  are  not  accurate  bee  .  :se  of  oxide  lost  by 
spalling  during  cyclic  oxidation  or  during  mounting  for  metallograpluc  analyses. 


100 -Cycles 
Oxidation  Exposure 


Thickness  (t)  for  TD  Nickel 
_ (mil) 

Oxide /Side  Substrate 


As  Received  -  10. 0 

2000°F  -  760  Torr  1.0  9.  8 

2200*F  -  760  Torr  2.  5  7.  5 

2200°  F  -  0. 18  Torr  1.  2  8.  5 

2400° F  -  760  Torr  5.  0  3.  7 
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FIGURE  30.  MICROSTRUCTURE  OF  LONGITUDINAL  TD  NICKEL  SPECIMENS  IN 
AS-RECEIVED  CONDITION  AND  AFTER  100-CYCLE  OXIDATION 
EXPOSURE  (Sheet  1  of  3) 
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MICROSTRUCTURE  OF  LONGITUDINAL  TD  NICKEL  SPECIMENS 
AS- RECEIVED  CONDITION  AND  AFTER  100-CYCLE  OXIDATION 
EXPOSURE  (Sheet  2  of  3) 
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FIGURE  SO.  MICROSTRUCTURE  OF  LONGITUDINAL  TD  NICKEL  SPECIMENS  IN 
AS-RECEIVED  CONDITION  AND  AFTER  100-CYCLE  OXIDATION 
EXPOSURE  (Sheet  3  of  3) 


The  severity  of  oxidation  effects  increased  with  increasing  temperature  as 
well  as  with  increasing  pressure.  Also,  the  formation  of  an  0. 005-inch  thick  oxide 
layer  after  a  100-cycle  oxidation  exposure  at  2400*F  and  760  Torr,  leaving  only 
0.  0037-inch  thick  uncxidized  substrate  (73  percent  loss  in  cross  section),  showed  that 
TD  Nickel  is  not  serviceable  at  2400°  F.  The  Tmax  for  the  TD  Nickel  alloy  is  2200® F. 

TD  Nickel/Chromium.  The  microstructure  of  the  TD  Nickel/chromium  alloy  in  trans¬ 
verse  and  longitudinal  directions  after  being  cold  rolled  and  stress  relief  annealed  at 
2000® F  is  shown  in  Figure  31A,  B,  C,  and  D.  Extremely  large  grains  were  present,  the 
structure  being  quite  different  from  that  of  the  TD  Nickel  alloy.  Grain  diameters  ranged 
from  0.  010  mm  to  0.  020  mm  (Ref.  16).  The  structure  of  the  TD  Nickel/chromium 
alloy  showed  different  etch  pits  which  could  be  due  to  cold  work  or  they  could  be  oxides 
(CrgOg  or  ThOg).  Unresolved  microsized  thoria  particles  were  probably  present. 

The  microstructure  after  different  oxidation  exposures  at  atmospheric  pressure  is 
shown  in  Figure  31E,  F,  G,  and  H  and  at  0. 18Torr  in  Figure  311,  J,  K,  and  L.  These 
figures  show  formation  of  internal  oxide  (CrgOg)  spots.  That  there  was  internal  oxi¬ 
dation  is  confirmed  from  the  microprobe  data  (para  4. 4.  5).  The  peaks  in  chromium 
trace  and  the  minimum  in  nickel  trace  could  be  only  the  result  of  C^Og  formation.  The 
formation  of  these  internal  oxide  spots  increased  with  increasing  oxidation  temperature 
(Fig.  31 E,  F,  G,  and  H)  and  decreased  with  decreasing  pressure  (Fig.  311,  J,  K,  and  L). 
Oxide  layers  were  thin  and  uniform  at  2000®  F.  Spalling  was  observed  during  oxidation 
exposures  at  2200  or  2400® F  in  association  with  increased  oxide  growth  and  apparent 
internal  oxidation.  Spalling  of  the  oxide  is  in  agreement  with  the  observations  of  other 
investigators  (Ref.  15  and  17).  Microstructural  changes  were  minor  over  the  temper¬ 
ature  range  of  2000  to  2400® F.  No  intergranular  oxidation  attack  was  observed  for  TD 
Nickel/chromium  or  for  TD  Nickel. 

4. 4. 2  Chemical  Analyses  for  Carbon,  Oxygen,  and  Nitrogen  Contents 

Chemical  analyses  to  determine  the  carbon,  oxygen,  and  nitrogen  levels  in 
superalloy  foils  were  conducted  to  study  internal  oxidation  phenomenon  and  decarburi¬ 
zation.  Chemical  analyses  (average  values)  for  the  carbon,  oxygen,  and  nitrogen  con¬ 
tent  of  the  superalloy  specimens  for  various  conditions  are  given  in  Table  XVII. 

The  carbon  analyses  of  superalloy  foil  specimens  in  the  as-received  condition 
are  compared  with  those  reported  by  the  vendor  in  Table  XVUI.  There  is  a  close  agree¬ 
ment  between  the  two  carbon  analyses,  except  for  Inconel  625  and  TD  Nickel/chromium. 
The  large  amount  of  carbides  present  in  as-received  Inconel  625  specimens  (Fig.  28A 
and  B)  Indicated  that  the  carbon  content  was  more  likely  0.  031  percent  than  0.  01  per¬ 
cent.  The  carbon  content  was  least  in  the  case  of  TD  Nickel  and  maximum  for  Rene*  41 
followed  by  Haynes  25,  Inconel  718,  Inconel  625,  and  TD  Nickel /chromium  (Table  XVIII). 
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Magnification:  200K 


Magnification:  500X 


A.  As  Received 

Test  Direction  -  Transverse 


B.  As  Received 

Test  Direction  -  Transverse 


Magnification:  2 OCX 


Magnification:  500X 


C.  As  Received 

Test  Direction  -  Longitudinal 


D.  As  Received 

Tent  Direction  -  Longitudinal 


FIGURE  31.  MICROSTRUCTURE  OF  TD  NICKEL/CHROMIUM  SPECIMENS  IN 
VARIOUS  CONDITIONS  (Sheet  1  of  3) 
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FIGURE  31.  MICROSTRU UTURE  OF  TD  NICKEL/CHROMIUM  SPECIMENS  IN 
VARIOUS  CONDITIONS  (She«t  2  of  3) 
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FIGURE  31.  MICROSTRUCTURE  OF  TD  NICKEL/CHROMIUM  SPECIMENS  IN 
VARIOUS  CONDITIONS  (Sheet  3  of  3) 
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RESULTS  OF  CHEMICAL  ANALYSES  FOR  CARBON,  OXYGEN,  AND  NITROGEN  CONTENT  OF 
SUPERALLOY  FOILS  IN  AS-RECEIVED  AND  OXIDIZED  CONDITIONS 


Silicon  content  *11  zero  in  the  three  specimen*  analyzed  indicating  no  contamination  In  the  MGR  furnace. 

This  oxidation  exposure  wax  conducted  in  the  environmental  simulator.  All  other  oxidation  exposure*  were  conducted  in 


The  precipitation  hardened  alloys  (Rene*  41  and  Inconel  718}  and  solid  solution  strength¬ 
ened  alloys  (Haynes  25  and  Inconel  625)  are  also  carbide  strengthened.  The  TD  Nickel 
alloy  foil  in  the  as-received  condition  was  much  lower  in  oxygen,  nitrogen,  and  carbon 
than  the  TD  Nickel/chi  omiuir.  (Table  XVC).  The  effects  of  different  oxidation  exposures 
on  the  carbon,  oxygen,  and  nitrogen  contents  of  superalloys  are  discussed  in  succeeding 
paragraphs. 


TABLE  XVIH 


CARBON  CONTENT  OF  SIX  SUPERALLOY  FOILS  IN  AS-RECEIVED  CONDITION 


Carbon  Content 
.  (%> 

Superailoy 

Vendor 

Vendor 

Solar 

Rene'  41 

Rodney 

0.  09 

0.  1014 

Inconel  718 

Rodney 

0.  06 

0.  0637 

Inconel  625 

Rodney 

0.  01 

0.  0310 

Haynes  25 

Hamilton 

0.  06 

0.  07  C7 

TD  Nickel 

TD  Nick^l/chromium 

Du  . 

0.  0055 

0.  0084 

DuPont 

0.  024 

0.  0153 

Precipitation  Hardenable  Alloys  (Rene1  41  and  Inconel  718) 

For  both  the  Rene'  41  and  Inconel  718  alloys,  there  was  an  increase  in  oxygen, 
nitrogen,  and  carbon  content  due  to  the  180(PF  -  7G0  Torr  -  100-cycle  oxidation  exposure 
the  increase  being  more  for  Rene'  41  than  for  Inconel  718  (Table  XVII).  The  oxygen 
content  increased  after  the  1800° F  oxidation  exposure  by  a  factor  of  30.  0  for  Rene'  41 
(to  0.  24  percent)  and  by  a  factor  of  only  5.  5  for  Inconel  718  (to  0. 113  percent).  The 
oxygen  and  nitrogen  contents  in  the  oxidized  Rene'  41  specimen  were  two  and  seven 
times,  respectively,  when  compared  to  the  oxidized  Inconel  718  specimen  (Table  XVII). 
Therefore,  Rene'  41  was  much  more  susceptible  to  internal  oxidation  than  Inconel  718. 
No  decarburization  occurred  in  these  two  alloys.  There  was  more  oxygen,  nitrogen, 
and  carbon  in  these  two  alloys  after  the  1800°F  -  760  Torr  oxidation  exposure  than  in 
the  as-received  condition. 

In  the  case  of  Rene'  41,  the  internal  oxidation  products  have  been  identified 
aa  A1203  and  TiN  (Ref.  6),  and  carbides  as  being  of  the  MgC  +  TiC  type  (para  4. 4. 1). 
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Solid  Solution  Strengthened  Alloys  (Inconel  625  and  Haynes  25) 


Both  alloys  showed  an  increase  in  oxygen  content  and  a  decrease  in  carbon 
content  (Table  XVII)  after  760  Torr  and  0. 18  Torr  air  exposures.  The  slight  increase 
in  carbon  content  for  Inconel  625  after  the  1800®F  -  0. 18  Torr  -  100-cycle  exposure 
could  be  due  to  the  carbon  pickup  from  the  oil  vapors  from  the  vacuum  pump.  The 
nitrogen  content  was  lower  after  the  0. 18  Torr  exposure  than  after  the  760  Torr  ex¬ 
posure  at  1800s  F  (Tmax)  profile  for  Inconel  625  and  at  20f'0*F  (Tmax)  profile  for 
Haynes  25. 

Inconel  625,  a  nickel-base  alloy  containing  only  0.  08  percent  aluminum,  0.  2 
percent  titanium,  0. 1  percent  silicon,  22. 3  percent  chromium,  and  other  metals 
(Table  IV),  should  preferentially  form  AlgOjj,  CrgOg,  Ti09,  and  SiOg  internally  or 
externally  based  on  free  energy  data  (Table  XIX,  Ref.  18).  ~  (Surface  oxides  formed 
were  identified  by  X-ray  diffraction  to  be  Cr2Og  and  spinel  NiCrgO^  -  para  4. 4. 3. ) 

Since  this  alloy  contains  only  small  amounts  of  aluminum  and  silicon,  the  internal  oxides 
formed  during  oxidation  exposure  are  most  likely  TiOg  and  CrgOg  with  traces  of  A1^0g. 
Referring  to  the  free  energy  data  for  nitrides  (Table  XIX),  the  nitrides  formed  axe 
most  likely  CVgN.  Aluminum  and  titanium  are  converted  readily  to  the  more  stable 
oxides  than  the  nitrides.  Since  CrgN  is  not  a  very  stable  nitride  (dissociation  pressure 
of  CrgN  being  4  x  10"4  Torr  at  1800°F),  it  could  dissociate  during  low  pressure  oxida¬ 
tion  exposure  (0. 18  Torr)  resulting  ir.  the  observed  decrease  in  nitrogen  content 
(Table  XVII}. 

Haynes  25,  a  cobalt -base  alloy  containing  20. 1  percent  chromium,  0.  04  per¬ 
cent  silicon,  1.  49  percent  manganese,  1.  95  percent  iron,  10.  63  percent  nickel,  14.  8 
percent  tungsten,  and  small  amounts  of  impurities  (Table  IV),  formed  surface  oxides 
identified  by  X-ray  diffraction  as  spinel  CoCrgO^  after  760  Torr  oxidation  exposure, 
and  Cr2Og  after  0. 18  Torr  exposure  at  2000°F  (para  4.  4. 4).  Based  on  the  composition 
of  Haynes  25  and  the  free  energy  data  for  oxides  and  nitrides  (Table  XIX),  the  internal 
oxides  were  most  likely  Si02  and/or  Cr^Og^,  and  the  nitride  was  most  likely  Cr,,N. 

For  Haynes  25,  the  oxygen  content  increase '  by  a  factor  of  11.  5  due  to  760  Torr  ex¬ 
posure  at  1800°F,  and  by  a  factor  of  16.  2  after  760  Torr  exposure  at  2000®F.  Thus, 
with  an  increase  in  the  oxidizing  Tmax  from  1800  to  2000® F,  the  oxygen  content  in¬ 
creased  by  a  factor  of  auout  1. 4.  Decreasing  the  exposure  pressure  from  760  Torr 
to  0. 18  Torr  at  2000°F  increased  the  oxygen  content  to  14.  5  times  the  as-received 
condition,  but  not  to  the  extent  of  exposure  at  760  Torr  (Table  XVII). 


1.  The  oxidation  exposures  at  1800°F  or  below  have  been  reported  to  result  in  virtually 
no  internal  oxidation,  and  at  higher  temperatures  some  internal  oxidation  of  SiOg 
may  be  et  ountered  (Ref.  19).  Smaller  amounts  of  Cr2Og  and  spinel  were  also 
found,  the  spinel  phase  being  predominant  below  2000®  F  and  the  a-CrgC^  (rhom- 
bohedral)  constituent  abundant  at  higher  temperatures. 
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TABLE  XIX 


THERMODYNAMIC  PROPERTIES  OF  THE  OXIDES  AND  NITRIDES  AT  1800*F(Rei.  18) 


Element 

AF(1) 

Oxide 

Pw 

P - -  "  - - 

4F^1) 

Nitride 

p<2) 

Aluminum 

-207 

ALjGg 

10"36 

-89.  1 

AIN 

3  x  IQ*1® 

Titanium 

-177 

Ti02 

10-31 

-94.6 

TiN 

4  x  10-17 

Silicon 

-161 

Si02 

10-28 

-32.  0 

Si3N4 

3  x  10‘6 

Chromium 

-135 

Cr2Og 

10-23 

-19.5 

Cr2N 

4  x  10"4 

Molybdenum 

-102 

MoOg 

2  x  10"18 

Unstable 

Iron 

-83.5 

F®203 

3  x  10‘15 

Unstable 

Cobalt 

-  72.5 

CoO 

2  x  10~13 

Unstable 

Nickel 

-  66.9 

NiO 

2  x  ID'12 

Unstable 

Spinel 

-100<3> 

NiCr204 

4  x  lO-13*3* 

Unstable 

1.  Free  energy  of  formation/xnole  of  oxygen  or  nitrogen  in  Kcai 

2.  Dissociation  pressure  in  atmospheres 

3.  Estimated  from  data  on  FeCr2Q4 

Dispersion  Strengthened  Alloys  (TD  Nickel  and  TD  Nickel/Chromium) 

For  TD  Nickel,  there  was  an  increase  in  oxygen  and  nitrogen  content  and  a 
decrease  in  carbon  content  after  the  various  oxidation  exposures  (Table  XVII).  The 
internal  oxide  formed  was  believed  to  be  NiO.  The  increase  in  carbon  content,  because 
of  low-pressure  (0. 18  Torr)  exposure  at  2200®F,  could  be  due  to  the  oil  vapors  from 
the  vacuum  pump  or  to  the  presence  of  carbon  monoxide  from  the  silicon  carbide  heat¬ 
ing  elements  used  in  the  MGR  furnace. 

For  TD  Nickel/chromium  there  was  no  appreciable  increase  in  oxygen  cv  car¬ 
bon  content  after  various  oxidizing  exposures  at  temperatures  up  to  2200°F,  indicating 
a  continuous  and  stable  surface  oxide.  The  oxygen  content  inc*  eased  after  the  exposures 
at  2400*  F,  forming  islands  of  C^Og.  The  nitrogen  content  was  nil  after  the  different 
exposures. 


4. 4,  3  Microhf’rdness  Values 

The  microhardness  values  of  the  six  superalloy  foils  in  the  as-received  and 
oxidized  conditions  are  given  in  Table  XX.  in  the  as-received  condition,  highest 
microhardness  values  were  exhibited  by  Rene'  41  followed  by  TD  Nickel/chromium, 
Haynes  25,  Inconel  625,  Inconel  718,  and  TD  Nickel.  The  microhardness  values  at 
the  edges  of  the  six  super  alloy  foils  were  lower  than  those  at  the  center,  most  likely 
because  of  the  lack  of  support  at  tl:  edge  (edge  effect).  The  effects  of  different  oxida¬ 
tion  exposures  on  the  microhardness  vaiues  are  discussed  below. 

Precipitation  Hardened  Alloys  (Rene'  41  and  Inconel  718) 

The  microhardness  values  at  the  center  of  the  substrates  of  Rene'  41  and 
Inconel  718  increased  because  of  atmospheric  pressure  oxidation  exposures  at  1800 
or  2000° F  (T  ).  The  increased  hardness  values  were  most  likely  the  result  of: 

•  Aging  effect  resulting  in  y'  precipitation,  Ni3(Al,  Ti),  in  the  case  of 
Rene'  41,  and  Ni3(Ti,Cb)  for  Inconel  718  -  (para  4.4. 1) 

•  The  y  phase  formation  in  the  case  of  Rene'  41  (para  4. 4. 1) 

•  Increased  carbon,  nitrogen,  and  oxygen  contents  of  the  substrate 
(para  4.  4.  2  -  Table  XVII) 

For  Rene'  41  the  hardness  value  at  the  center  of  the  substrate  after  2000®  F 
oxidation  (461  KHN)  was  of  the  same  order  of  magnitude  as  that  after  1800“F  oxidation 
(454  KHN  -  Table  XX).  This  could  be  because  of  the  instability  of  y'  and  p  phases  at 
temperatures  of  ]800®F  and  higher  (Fig.  26  and  para  4.  4. 1). 

The  hardness  of  Inconel  718  after  2000®F  profile  exposure  (266  KHN)  was 
somewhat  less  than  after  the  1800°F  profile  exposure  (289  KHN  -  Table  XX). 

Probably  the  dissolution  of  Ni3(Ti,  Cb)  precipitates  above  1825°F  is  responsible  for 
the  drop  in  hardness. 

The  hardness  values  of  the  alloy  depletion  layer  in  the  case  of  oxidized 
Rene'  41  were  lower  than  those  of  the  as-received  Rene'  41  (Table  XX).  The  alloy 
depletion  layer  for  Rene'  41  exhibited  lower  hardness  values  after  100  one-hour  at¬ 
mospheric  pressure  slow -cycle  oxidation  exposures  at  200(yF  than  at  1800®  F.  This 
is  most  likely  due  to  the  decrease  in  titanium,  chromium,  and  aluminum  content  in 
the  alloy  depletion  layer.  No  appreciable  alloy  depletion  zone  was  noted  in  the  Inconel 
718  after  exposure. 
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TABLE  XX 


MICROHARDNESS  VALUES  OF  SUPERALLOY  FOILS 
IN  AS-RECEIVED  AND  OXIDIZED  CONDITIONS 


Condition 


Oxidized  for  100 
one -hour 
slow  cycles 


Pressure 

(Torr) 


TD  Nickel 


TD  Nickel/ 
chromium 


Microhardness  Values  (KHN  200-gram  load) 

■ 

Substrate 

Center 

EdgeM 

Alloy  Depletion  Layer 

390 

347,  351 

454 

— 

285  ,  292 

461 

399,  327 

175,  257 

241 

217,  246 

289 

202,  231 

266 

210,  178 

249 

246,  228 

279 

243,  212 

266 

263,  269 

246 

252,  223 

217,  144 

303 

272,  266 

331 

318,  233 

362 

233,  260 

219 

157,  152 

315 

241,  327 

246 

200,  210 

263 

206,  228 

214 

200,  226 

219 

157,  152 

185 

191,  191 

348 

215,  215 

344 

219,  257 

339 

299,  315 

307 

289,  299 

353 

292,  315 

353 

335,  348 

Superalloy 


Rene'  41 

Inconel  718 


Inconel  625  R 

1800  760 

1800  0.  18 

2000  760 

Haynes  25  R 

1800  760 

2000  760 

2000  0.  18 

2100  760 

TD  Nickel  it  - 

2000  760 

2200  760 

2200  0,  18 

2400  760 

TD  Nickel/  R  - 

chromium  2000  760 

2200  760 

2200  0.  18 

2400  760 

2400  0.  18 


R  -  As  received 

1.  The  hardness  values  determined  at  one  mil  below  the  edge  or  at  the  alloy  deple¬ 
tion  layer  are  lower  than  those  at  the  center  because  of  the  edge  effeot 
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Solid  Solution  Strengthened  Alloys  (Inconel  625  and  Haynes  25) 

For  Inconel  625  foil  (annealed  at  2050*F)  there  was  no  significant  change  in 
microhardness  values  resulting  from  different  cyclic  oxidation  exposures  (Table  XX). 

The  slight  increase  in  microhardness  values  after  the  1800°F  exposures  could  be  caused 
by  oxidation  effects,  e.  g. ,  increase  in  carbon  and  oxygen  contents  (Table  XVII). 

Hardness  values  for  Inconel  625  were  slightly  lower  after  0. 18  Torr  exposure  than  after  j 

700  Torr  at  1800°F  (Tmax).  The  decrease  values  probably  resulted  from  the  reduction 

in  nitrogen  content,  j 

•  ! 

I 

For  Haynes  25,  there  was  an  incr  ease  in  microhardness  values  nirom  303  KHN  j 

to  362  KHN)  at  the  center  of  the  substrate  after  the  2000° F  -  760  Torr  -  100-cycle  oxi-  j 

dation  exposure  (Table  XX),  This  could  be  due  to  internal  oxidation  ^formation  of 
SiOg  or  CTgOg)  effects  as  evidenced  by  an  increase  in  oxygen  and  nitrogen  contents 
(Table  XVn).  The  2000* F  -  100-cycle  -  0. 18  Torr  oxidation  exposure  resulted  in  a  j 

significant  decrease  in  the  microhardness  values  of  Haynes  25  (Table  XX).  This 
decrease  was  most  likely  due  to  decarburization  and  reduced  nitrogen  and  oxygen  con¬ 
tents  as  compared  to  those  after  the  2000*}  -  760  Torr  oxidation  exposure  (Table  XVII). 

Aftex  the  2100"F  -  760  Torr  -  100-cycle  oxidation  exposure,  the  microhardness  values 
increased  (Table  XX). 

Dispersion  Strengthened  Alloys  (TD  Nickel  and  TD  Nickel/Chromium) 

There  was,  in  general,  a  decrease  in  microhardness  values  for  TD  Nickel 
after  the  different  oxidation  exposures  except  for  the  slight  increase  after  the  2000*F  - 
760  Torr  -  100-cycle  oxidation  (Table  XX).  The  TD  Nickel  foi.  after  cold  rolling 
was  stress  i  ^uef  annealed  at  2000*F;  therefore,  100  one-hour  slow-cycle  oxidation 
exposures  at  temperatures  higher  than  2000° F  resulted  in  farther  stress  reliei  and  a 
decrease  in  microhardness  values.  The  slight  increase  in  microhardness  values  after 
the  2000°  F  oxidation  exposure  was  due  to  an  increase  in  oxygen  content  (Table  XVTI). 

TD  Nickel/chromium  foils  were  also  stress  relief  annealed  at  2000°  F.  The 
different  oxidation  exposures  up  to  2200* F  resulted  in  no  significant  changes  in  the 
microhardness  values,  probably  because  of  some  stress  relief  provided  by  oxidation 
exposures  at  temperatures  higher  than  20003F,  and  because  of  the  negligible  increase 
in  oxygen  content  after  oxidation  exposures  up  to  2200®F  (Table  XVII).  The  oxygen 
content  increased  after  the  2400*  F  oxidation  exposures  which  could  account  for  the 
slight  increase  in  microhardness  values.  The  carbon  and  nitrogen  contents  decreased 
because  of  the  different  oxidation  exposures  up  to  2400“F. 

The  generally  lower  microhardness  of  all  four  alloys  after  exposure  to  0. 18 
Torr,  as  compared  to  760  Torr  exposure,  is  probably  best  explained  by  the  decrease 
in  internal  oxidation  and  decreased  nitrogen,  content  at  the  lower  pressure. 
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4. 4. 4  Identification  of  Surface  Oxides  by  X-ray  Diffraction  Analyses 


X-ray  diffraction  analyses  were  conducted  to  identify  the  oxidation  product  for 
the  superalloy  foil  specimens  subjected  to  760  Torr  and  0. 18  Torr  oxidation  exposures 
at  their  respective  Tmax.  Only  the  Inconel  625,  Haynes  25,  apd  TD  Nickel/chromium 
alloys  were  analyzed  No  X-ray  diffraction  analysis  was  conducted  for  TD  Nickel  be¬ 
cause  the  oxide  formed  due  to  oxidation  exposure  is  known  to  be  greenish  NiO  (NaCl 
structure)  from  the  literature  (Hef.  15). 

The  X-ray  diffraction  patterns  for  the  three  alloys  (Inconel  625,  Haynes  25, 
and  TD  Nickel/chromium)  after  oxidation  exposures  are  given  in  Tables  XXI  through 
XXV IL  The  26  and  d  values  (lattice  spacing),  relative  intensity,  and  the  identified 
oxides  are  included  in  these  tables. 

The  oxides  identified  for  the  three  alloys  are: 

•  Inconel  625,  oxidized  1800" F  -  100  cycles  at  760  Torr  or  0. 18  Torr: 
a-Cr2°3  (rhombohedral)  and  the  spinel,  NiCr204.  The  oxides  formed 
in  the  case  of  Inconel  625  were  the  same  after  both  the  760  Torr  or  0. 18 
Torr  oxidation  exposures  (Tables  XXI  and  XXII). 

•  Haynes  25,  oxidized  2000® F  -  100  cycles  -  760  Torr  -  spinel  -  CoCr  O 

(Table  XXIII).  4 

•  Haynes  25,  oxidized  2000° F  -  100  cycles  -  0. 18  Torr  -  a-Cr20  (rhom¬ 
bohedral)  only  (Table  XXIV). 

•  Haynes  25,  oxidized  2000®F  -  22  cycles  -  10  Torr  -  a-€r2C>3  (rhombo¬ 
hedral)  and  CoCr204  (Table  XXV). 

•  TD  Nickel/chromium  oxidized  2400® F  -  100  cycles  at  760  Torr  or  at  0. 18 
Torr  -  a-Cr.Og  (rhombohedral).  No  NiO  or  spinel  NiCr204  could  be 
identified.  The  oxide  formed  after  760  Torr  or  0. 18  Torr  oxidation  ex¬ 
posure  was  the  same  (o  -Cr2Oa)  (Tables  XXVI  and  XXVII). 

It  is  interesting  to  note  the  differences  in  the  nature  of  the  oxides  formed  for 
the  two  solid  solution  strengthened  alloys,  Inconel  625  and  Haynes  25.  After  atmospheric 
pressure  oxidation,  both  Cr2C^  (rhombohedral)  and  spinel  were  present  in  the  case  of 
Inconel  625;  for  oxidized  Haynes  25,  only  cubic  Cr2Og  in  the  form  of  complex  spinel 
was  identified.  For  Inconel  625,  similar  oxides  were  formed  at  760  Torr  or  at  0. 18 
Torr  environmental  pressure,  but  for  Haynes  25,  the  oxides  formed  after  different 
oxidation  exposures  were  different  depending  upon  the  environmental  pressure.  After 
atmospheric  pressure  oxidation  exposure  at  2000®F  for  100  cycles,  a  spinel  oxide 
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TABLE  XXI 


X-RAY  DIFFRACTION  PATTERN  OF  INCONEL  625 
OXIDIZED  1800° F  -  760  TORR  -  100  CYCLES 

O 

(C'lka  Ladiation,  1.  5418A,  Nickel  Filter) 


2  6  (deg) 

d  (A) 

Relative  intensity 
a/ij) 

Oxide 

14.  84 

5.  9044 

7 

? 

18.40 

4. 8176 

6 

NiCr204 

?  1. 42 

3.  6419 

80 

a..Cr2°3 

30.  24 

2.  9529 

10 

NiCr2°4 

33.52 

2.  1)711 

86 

fl-Cr2Og 

36.04 

2.  4899 

100 

a~Cr203,NiCr204 

37.44 

2.  4000 

7 

NiCr204 

44.44 

2.  1771 

14 

a_Cr2°3 

43.50 

2.  0786 

8 

NiCr204 

50.  10 

1.  8192 

36 

a-Cr203 

54.70 

1.  6765 

50 

a-Cr003,  NiCr204 

58.  26 

1.  582J 

7 

a-Cr203,  NiCr204 

63.  10 

1.4721 

21 

a-Cr203 

64.  84 

1.  4367 

29 

-Cr2°3 

72.90 

1.  2964 

7 

a~^r2^3 

76.  12 

1.  2453 

4 

a’Cr2°3 

90.42 

1.  0853 

25 

NiCr204 

.  ..,95.62 

1.  0396 

7 

? 

118.  00 

0.  8986 

7 

“  -Cr2°3 

137.  90 

0.  8253 

18 

a -Cr203 

138.  64 

0.  8239 

9 

°-Cr2°3 

146.  44 

0.  8045 

18 

a -Cr203 

147.40 

0.  8025 

11 

a  -Cr203 

The  oxides, 
identified. 

a- Cr903  (rhombohedral)  and  NiCr.,0^  (cubic,  spinel  type)  were 
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TABLE  XXn 


X-RAY  DIFFRACTION  PATTERN  OF  INCONEL  625 
OXIDIZED  1800°F  -  0.  18  TORR  -  100  CYCLES 

(Cuka  Radiation,  A=  1.5418A,  Nickel  Filter) 


26  (deg) 

d  (A) 

Relative  Intensity 

a/ty 

Oxide 

18. 30 

4.  8437 

15 

NiCr„0. 
c  4 

24.54 

3.  6244 

?  , 

a “Cr2°3 

30.  00 

2.  9760 

.5 

NiCr204 

33.  80 

2.  6496 

25 

a-Cr!°8 

35.  36 

2.  5362 

60 

NlCr2°4 

36.  30 

2. 4727 

40  . 

1 

a-Cr2°3 

41.  52 

2.  1731 

15 

a “Cr2°3 

43.00 

2.  1016 

10 

NiCr204 

44.  08 

2.  0526 

60 

Substrate 

50.  22 

1.  8151 

12 

a  -Cr203 

51.  22 

1.  7820 

20 

Substrate 

54.  90 

1.  6709 

20 

a_Cr2°3 

56.  82 

1.  6189 

10 

NiCr204 

62.30 

1.  4890 

15 

-Cr2°3 

63.34 

1.4671 

10 

NiCr2°4 

63.68 

1.  4600 

10 

a  -Cr203 

64.  90 

1.  4355 

15 

a-Cr2°3 

75.  24 

1.2618 

25 

NiCr204 

91.40 

1.  0726 

30 

NICr2°4 

139. 92 

0.  8199 

10 

a-CrgOa 

149.  02 

0.  7993 

10 

a-Cr2°3 

150.  00 

0.  7974 

10 

a  -Cr203 

The  oxides  a-Cr2Og  (rhombobedral)  and  NiCr204  (cubic,  spinel  type, 
a<,  =  8. 30-8.  34A)  were  identified 


TABLE  XXffl 

X-RAY  DIFFRACTION  PATTERN  OF  HAYNES  25 
OXIDIZED  2000° F  -  760  TORR  -  100  CYCLES 

(Fek a  Radiation,  X-  1.  936A,  Manganese  Filter) 


2  6  (deg) 

d  (A) 

Relative  Intensity 
(I/Ii) 

Oxide 

23.  20 

4.  8140 

23 

CoCr204 

38.  30 

2.  9508 

67 

CoCr204 

45.  30 

2.  5136 

100 

CoCr204 

.  i.  32 

2.  0852 

17 

CoCr204 

55.  94 

2.  0639 

20 

CcCr204 

69.  21 

1.  7038 

17 

CoCr204 

74.  10 

1.  6066 

17 

CoCrgO^ 

81.  92 

1.  4766 

33 

CoCr204 

84.30 

1.  4424 

10 

CoCr  .0. 

*  4 

00.  00 

1.  2636 

23 

CoCr204 

Zo.  80 

1.  0874 

27 

Substrate  and  CoCr204 

Oxide  present  was  the  spinel  CoCr204 


TABLE  XXIV 

X-RAY  DIFFRACTION  PATTERN  OF  HAYNES  25 
OXIDIZED  2000* F  -  0.  18  TORR  -  100  CYCLES 

» 

(Feka  Radiation,  A  =  1,  936A,  Manganese  Filter 


Relative  Intensity 
(I/Il> 

2  6  (deg) 

d  (A) 

Oxide  Only 

Oxide  and 

Substrate 

Oxide 

30.  94 

3.  6290 

60 

10 

a-Cr2°3 

42.48 

2.  6720 

100 

17 

a-Cr2°3 

45.  80 

2.4876 

100 

17 

a-Cr203 

52.  50 

2.  1878 

50 

8 

a_Cr2°3 

55.  70 

2.  0721 

- 

33 

Substrate 

64.  26 

1.  8201 

50 

8 

a-Cr203 

65.  20 

1.  7967 

- 

17 

Substrate.  a-Cr203 

70.  46 

1.  6780 

80 

13 

a  -Cr203 

82.  20 

1.  4225 

30 

5 

“-Cr2°3 

99.  30 

1.  2701 

- 

100 

Substrate 

1?6.  50 

1.  0840 

- 

58 

Substrate 

137  80 

1.  0375 

_ 

- 

8 

Substrate 

. .  ...  —  1 

Oxide  present  was  only.a-C^Og  (rhcmbohedrah.  The  lattice  parameters  for  pure 
a-Cr^Og  are  a  =  4954 A,  c  =  13  .  584 A 
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TABLE  XXV 

X-RAY  DIFFRACTION  PATTERN  OF  HAYNES  25 
OXIDIZED  2000" F  -  10  TORR  -  22  CYCLES 


Relative  I 
U'lj 

ntensity 

) 

Oxide  and 

2  0  (deg) 

d  (A) 

Oxide  Only 

Substrate 

Oxide 

9. 12 

9.  6883 

14 

4 

18.  18 

4.  8754 

43 

13 

CoCr204 

24.  50 

3.  6302 

71 

21 

a  -CrgO,, 

30.  00 

2.  9760 

57 

14 

CoCr204 

33.  52 

2.  6711 

71 

21 

a-Cr2°3 

35.  20 

2.  5474 

29 

CoCr  20^ 

36.  04 

2.4899 

71 

17 

a-Cr2°3 

41.30 

2.  1841 

29 

8 

a_Cr2°3 

42.72 

2.  1148 

20 

6 

Substrate 

43.  90 

2.  0606 

340 

100 

Substrate,  CoCrgO^ 

50.  10 

1.  8192 

29 

9 

-Cr2°3 

51.  10 

1.  7859 

115 

33 

Substrate,  a-Cr^Og 

54.  78 

1.  6743 

57 

17 

CoCrgO^ 

75.  12 

1.2635 

85 

25 

CoCr204 

1.  0771 

95 

25 

CoCr2°4 

1.  0316 

29 

'  *  ! 

Substrate 

Oxides  identified  were  a-CrgOg  (rbombohedrali  and  spinel  CoCr^O^ 


TABLE  XXVI 


X-RAY  DIFFRACTION  PATTERN  OF  TD  NICKEL/CHROMIUM 
OXIDIZED  2400* F  -  760  TORR  -  100  CYCLES 

(Cuka  Radiation,  A5*  1.  5418A,  N^kel  Filter) _ 


26  (deg) 

d  (A) 

Relative  Intensity 

(I/ll) 

Oxide 

10. 92 

8.  0950 

- 

Substrate 

24.  54 

3.  6241 

43 

a-Cr203 

27.  60 

3.  2291 

- 

Substrate 

30.54 

2. 9346 

- 

Substrate 

31.92 

2.  8098 

- 

Substrate 

33  58 

2.  6665 

100 

a-Cr203 

36.  22 

2. 4779 

42 

a  -Cr2Og 

39.  50 

2.  2794 

23 

®  "CtnO^ 

41. 46 

2. 1761 

16 

°-0r2°9 

44.  20 

2.  0473 

3 

a-Cr2Og 

45. 90 

1.  9751 

- 

Substrate 

50.  20 

1.  8158 

18 

a-Cr2°3 

51.  56 

1.  7397 

- 

Substrate 

54.84 

1.  6726 

46 

a-Cr203 

63.40 

1. 4658 

15 

a-Cr203 

65.  02 

1. 4332 

6 

a-Cr203 

72.  50 

1.  3026 

28 

•-‘Vs 

83.90 

1. 1522 

6 

a-Cr203 

92. 40 

1.  0672 

10 

a-CrgOg 

94.  40 

1.  0498 

5 

a"Cr2°3 

120.  80 

0.  8859 

- 

Substrate 

146.80 

0.  8037 

6 

a-Cr2°3 

153.  06 

0.7920 

- 

Substrate 

Oxide  present  was  only  a-Cr2Og  (rhombohedral).  No  NiO  or  spinel  could  be 
identified. 
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TABLE  XXVII 


X-RAY  DIFFRACTION  PATTERN  OF  TD  NICKEL/CHROMIUM 
OXIDIZED  2400°F  -  0- 18  TORR  -  100  CYCLES 

(Cuka  Radiation,  A=  1.  54 18 A,  Nickel  Filter) 


20  (deg) 

d  (A) 

Relative  Intensity 
(I/Ij) 

Oxide 

10.58 

8.  3544 

23 

Substrate 

24.  60 

3.  6157 

31 

a  “Cr2°3 

27.  62 

3.  2268 

14 

Su'-strate 

33.  56 

2.  6650 

100 

a-Cr2°3 

36.  28 

2.  4740 

20 

°‘Cr2°3 

39.  60 

2.  2739 

57 

a  -Cr2°3 

41.  50 

2.  174] 

9 

a-Cr2Os 

44. 30 

2.  04"9 

158 

a-Cr2°3 

50.28 

1.  8131 

9 

a_Cr2°3 

51.  70 

1.  7666 

515 

Substrate 

54.  88 

1.  6715 

29 

«-Cr203 

63.  20 

1.  4700 

9 

“-Cr2°3 

65.  20 

1.  4296 

6 

tt-CrgOg 

72.  54 

1.  3020 

43 

a-Cr2°3 

76.  00 

1.  2511 

14 

? 

85.04 

1. 1397 

14 

a  -Cr203 

92.  34 

1.  0677 

36 

«-Cr2°3 

97. 60 

1.  0237 

9 

a  -Cr203 

120.  80 

0.  8859 

189 

Substrate 

152. 62 

0.  7928 

57 

Substrate 

Oxide  present  was  a  -Cr203  (rhombohedral) 

CoCrgO^1)  was  formed;  whereas,  after  2000“ F  -  100  cycles  -  0. 18  Torr  oxidation 
exposure,  the  oxide  formed  was  a-Cr^Og.  But  after  the  2000*F  -  22  cycles  -  10  Torr 
oxidation  exposure,  a  mixture  of  the  oxides  a-Cr203  and  spinel  CoCr2o4  was  formed. 
The  higher  temperature,  2000"  F,  for  Haynes  25  (compared  to  1800“F  for  Inconel  625), 
and  the  lower  rate  of  oxide  formation  at  0. 18  Torr  than  at  760  Torr,  favored  the  for¬ 
mation  of  the  more  stable  Cr203  over  spinel.  In  the  case  of  Inconel  625  at  1800°F,  the 
diTusion  rate  of  chromium  was  believed  to  be  too  slow  to  prevent  the  formation  of  mix¬ 
ture  of  oxides,  a  -Cr203  and  spinel.  These  data  are  in  essential  agreement  wuh 
Wasielewski  (Ref.  19). 

4. 4. 5  Selected  Electron  Microprobe  Analyses 


Results  of  microprobe  analyses  for  Inconel  625,  Haynes  25,  and  TD  Nickel/ 
chromium  after  a  100-cycle  oxidation  exposure  at  760  and  at  0. 18  Torr  at  their  respec¬ 
tive  Tmax  are  presented  in  Figures  32,  33,  and  34,  respectively.  Elements  showing 
a  compositional  change  near  the  edge  for  the  three  superalloys  are: 


Alloy 

Oxidation  Emosure 

Increase 

Decrease 

Inconel  625 

1800“F  -  100  cycles  -  760  Torr 

Tungsten,  columbium, 
molybdenum,  nickel 

Chromium, 

manganese 

Inconel  625 

1800*F  -  100  cycles  -  0. 18  Torr 

Aluminum,  molyb¬ 
denum.  nickel, 
columbium,  iron 

Chromium, 

mnnganese 

Haynes  25 

2000® F  -  100  cycles  -  760  Torr 

Tungsten,  nickel, 
cobalt 

Chromium, 

manganese 

Haynes  25 

2000°  F  -  100  cycles  -  0. 18  Torr 

Tungsten,  nickel, 
cobalt 

Chromium, 

manganese 

TD  Nickel/ 
Chromium 

2400®F  -  100  cycles  -  760  Torr 

Chromium 

Nickel 

TD  Nickel/ 
Chromium 

2400® F  -  100  cycles  -  0. 18  Torr 

Chromium 

Nickel 

Mioroprobe  analyses  for  the  three  alloys  are  discussed  in  the  following 
paragraphs. 

1.  The  predominant  surface  scale  constituents  are  CoO,  Cr2Og,  and  a  CoCr204  type 
spinel  after  oxidation  at  1800*F  or  below,  and  Cr203  +  spinel  at  higher  temperatures 
(Ref.  19).  Exposures  for  about  one  hundred  hours  at  2200“ F  produce  a  scale  con¬ 
taining  C0WO4,  CoO,  and  CogO^  which,  in  combination,  appeared  to  be  low  melting 
enough  to  produce  catastrophic  oxidation  at  a  linear  rate  (Ref.  19). 
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FIGURE  32.  ELECTRON  MICROPROBE  ANALYSES  OF  THE  VARIOUS  ELEMENTS 
IN  INCONEL  625  (Sheet  2  of  2) 
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FIGURE  33.  ELECTRON  MICROPROBE  ANALYSES  OF  THE  VARIOUS 
ELEMENTS  IN  HAYNES  85  (Start  8  of  8) 


FIGURE  34.  ELECTRON  MICROPROBE  ANALYSES  OF  CHROMIUM  AND 
NICKEL  IN  TD  NICKEL/CHROMIUM  (Sheet  1  of  2) 


Inconel  625 


For  Inconel  625,  the  microprobe  traces  for  the  various  elements  (Fig.  32A  and 
B)  after  oxidation  exposures  at  760  Torr  or  0, 18  Torr  were  similar.  The  peaks  in 
columbium,  molybdenum,  and  the  minima  in  chromium,  nickel,  and  iron  could  be  due 
to  the  traverse  passing  through  a  carbide.  Except  for  these  peaks  and  minima  in  traces 
of  the  elements,  the  average  composition  remained  nearly  constant  in  the  unaffected 
base  metal.  Metals  like  chromium  and  manganese  showed  a  decrease  in  the  alloy  di  - 
pletion  layer,  but  an  increase  in  the  oxide.  The  surface  oxides,  by  X-ray  diffraction, 
were  identified  to  be  a  -Cr2Og.  Based  on  microprobe  data,  the  surface  oxide  formed 
must  be  a-(Cr,  MnlgOg.  The  metals,  aluminum,  molybdenum,  nickel,  columbium,  and 
iron,  which  exhibited  an  increase  in  the  alloy  depletion  layer  showed  a  sudden  decrease 
in  the  oxide.  Thus,  the  alloy  depletion  layer  was  reduced  in  chromium  and  manganese, 
but  enriched  in  the  other  elements  (molybdenum,  nickel,  columbium,  and  iron). 

Haynes  25 

The  microprobe  traces  for  various  elements  (nickel,  chromium,  cobalt, 
tungsten)  of  Haynes  25  oxidized  at  2000*F  -  760  Torr  -  100  cycles  (Fig.  33A)  were 
very  similar  to  the  alloy  oxidized  at  2000*  F  -  0. 18  Torr  -  100  cycles  (Fig.  33  B). 

The  peak  in  tungsten  and  minima  in  chromium,  nickel,  and  cobalt  could  be  due  to  the 
traverse  passing  through  a  carbide.  Except  for  the  peak  and  minima,  the  average 
composition  remained  constant  in  the  substrate  after  both  exposures. 


Percent  Element  in  Substrate 


Element 

Haynes  25  Oxidized  2000* F  - 
760  Torr  -  100  Cycles 

Haynes  25  Oxidized  2000* F  - 
0. 18  Torr  -  100  Cycles 

Chromium 

20 

20.0 

Manganese 

Varies  from  1. 3  to  0.  8 

1.5 

Nickel 

10 

10  5 

Cobalt 

50 

52.5 

Tungsten 

16 

15.0 

The  manganese  traces  in  Haynes  25  were  different  after  the  two  oxidation 
exposures  (Fig.  33A  and  B).  The  manganese  in  Haynes  2$  exposed  at  atmospheric 
pressure  at  2000*F  continuously  decreased  from  1. 3  percent  to  0.  8  percent  at  the  edge. 
At  0. 18  Torr  pressure,  manganese  remained  nearly  constant  at  about  1.  5  percent, 
decreased  in  the  alloy  depletion  layer  (to  almost  nil),  and  then  increased  in  the  oxide 
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(Fig.  33 BK  In  the  alloy  depletion  layer,  active  metals,  e.  g. ,  chromium  and  manga¬ 

nese  were  decreased  and  metals  libs  nickel,  cobalt,  and  tungsten  were  increased.  The 
surface  oxides  contained  chromium  and  manganese.  The  surface  oxides  after  2000*  F 
and  0. 18  Torr  oxidation  exposure  by  X-ray  diffraction  (para  4. 4. 4)  were  identified  to 
be  of  the  a-Cr2Q3  type  only.  Considering  microprobe  data,  the  surface  oxide  was 
«-(Cr,  Mn)203. 

TD  Nickel/Chromiam 


The  microprobe  traces  for  chromium  and  nickel  in  TD  Nickel/chromium  oxi¬ 
dized  at  2400* F  and  0. 18  Torr  for  100  cycles  (Fig.  34B)  were  similar  to  those  for 
TD  Nickel/chromium  subjected  to  atmospheric  pressure  oxidation  at  2400s F  for  100 
cycles  (Fig.  34A).  The  chromium  and  nickel  remained  essentially  constant  in  the 
substrate  at  about  18  percent  chromium  and  80  percent  nickel  except  for  the  peaks  in 
chromium  and  the  minima  in  nickel.  The  peaks ^  in  chromium  and  the  minima  in 
nickel  were  most  likely  due  to  the  traverse  passing  through  internal  oxides  (Cr203). 

The  drop  ia  both  chromium  and  nickel  (Fig.  34A)  could  be  the  result  of  the  void  for¬ 
mation  due  to  ^“carburization.  At  the  edge  (oxide),  the  chromium  level  increased  and 
nickel  level  decreased  indicating  the  formation  of  Cr2 Og  essentially  free  from  NIO. 

(The  surface  oxides  have  been  identified  to  be  Cr^Og  by  X-ray  diffraction,  para  4. 4. 4. ) 
The  lack  of  a  chromium  gradient  in  the  alloy  indicated  that  the  diffusion  rate  of  chro¬ 
mium  in  the  alloy  is  greater  than  the  rate  of  dif&sion  of  oxygen  through  the  oxide.  The 
retained  chromium  content  (18  percent)  being  well  within  the  range  of  excellent  oxidation 
resistance  indicated  that  the  alloy,  TD  Nickel/chromium,  is  serviceable  up  to  at  least 
2400® F  even  at  low  pressures  (0. 18  Torr).  At  these  low  pressures,  there  was  no  signif¬ 
icant  loss  in  chromium  indicating  that  Cr2Og  on  the  surface  hindered  chromium 
vaporization. 

4  5  EFFECTS  OF  PROFILE  SIMULATION 

Environmental  mission  profile  simulation  tests  were  conducted  to  determine 
the  combined  effects  of  stress,  cyclic  oxidation,  and  environmental  pressure  on  the 
superalloy  foils  and  to  recommend  their  capability  for  use  as  honeycomb  heat  shields 
in  hypersonic  vehicles.  Two  different  stress  levels  were  used  for  each  mission  profile. 
Selected  mission  profile  tests  with  no  stress  were  also  performed.  The  mission  profile 
tests  for  22  one-hour  slow  cycles  were  conducted  only  at  760  Torr  for  Rene'  41  and 
Inconel  718.  Three  different  pressures  were  used  (760  Torr,  10  Torr,  and  0. 18  Torr) 


1.  A  polishing  abrasive  (trade  name  Cer-Cre)  other  than  Cr2Og  was  used,  so  that  the 
peaks  in  chrom4,,m  could  not  be  associated  with  the  polishing  compound. 


for  testing  the  four  selected  alloys,  viz. ,  Inconel  625,  Haynes  25,  TD  Nickel,  and  TD 
Nickel/chromium.  For  these  four  alloys,  100  one-hour  slow -cycle  simulated  profile 
tests  at  their  recommended  Tmax  and  in  the  most  severe  pressure  condition  were  also 
performed. 

This  section  contains  a  description  of  the  effects  of  the  different  simulated 
profile  exposures  on  the  six  superalloy  foils  as  evaluated  by: 

•  Creep  rate  during  exposure 

•  Room  temperature  tensile  tests 

•  Microscopic  examination  and  microhardness  determination 

•  Comparison  to  the  effects  of  oxidation  exposures  without  stress  (para  4. 2, 
4. 3,  and  4. 4) 

Results  of  room  temperature  tensile  tests  and  the  microhardness  determination 
after  different  simulation  profiles  for  22  one-hour  slow  cycles  for  Rene*  41  and  Inconel 
718  are  presented  in  Table  XXVIH,  for  Inconel  625  and  Haynes  25  in  Table  XXIX,  and 
for  TD  Nickel  and  TD  Nickel/chromium  in  Table  XXX.  The  results  of  100  one -hour 
slow -cycle  profile  exposures  for  the  four  selected  alloys  are  given  in  Table  XXXI.  For 
calculation  of  Ftu,  F^y,  and  E  values,  the  original  area  of  cross  section  of  the  as- 
received  specimen  was  used.  The  total  percent  elongation  and  creep  rate  are  included 
in  these  tables.  The  percent  elongation  versus  time  for  22  one-hour  cycle  profile  tests 
are  plotted  for  Rene'  41,  for  Inconel  718,  and  for  the  solid  solution  strengthened  alloys. 
These  results,  together  with  the  results  of  microscopic  examination  are  discussed  in 
following  paragraphs. 

4.  5. 1  Profile  Simulation  Test  Results  for  Rene'  41  and  Inconel  718  Alloys 

The  alloys  -  Rene'  41  and  Inconel  718  -  were  subjected  to  simulated  profile 
tests  at  only  one  pressure  (760  Torr)  for  22  one-hour  cycles,  because  these  alloys 
were  eliminated  early  from  the  program  as  a  result  of  cyclic  oxidation  tests. 

In  the  case  of  Rene'  41,  the  creep  rate  at  a  stress  of  1.  0  ksi  for  the  2000*F 
Drofile  was  almost  five  times  higher  than  that  for  the  J800*F  profile  and  three  times 
higher  than  that  of  Inconel  718  (Table  XXVm  and  Fig.  35).  he  creep  rate  for  these 
two  alloys  for  profiles  with  Tmax  of  1800  or  2000°F  was  higher  than  that  for  the  matrix 
strengthened  (Inconel  625  and  Haynes  25)  or  dispersion  strengthened  (TD  Nickel  and 
TD  Nickel/chromium)  alloys.  Rene'  41  had  the  highest  creep  rate  of  the  six  selected 
alloys.  This  is  in  agreement  with  the  isothermal  creep  data  (para  4. 1).  These  creep 
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The  elongation  ms  measured  by  LVDT  over  the  entire  specimen  length  and  not  in  the  gage  length  but  percent  elongation  »as  calculated  over  the  gage  length. 

Fv  -  .*s  received 

Test  direction  -  Transverse 

For  calculation  of  Ftu,  FtN.  and  £  values,  original  area  of  cross-section  of  the  as-received  specimen  uas  used. 


Teat  direction  -  Transverse  except  longitudinal  for  TD  Nickel /chromiu.n 


ELONGATION  (f5)  ELONGATION  (%)  (Footnote  -  Table  XXVni) 


FIGURE  35.  PERCENT  ELONGATION  VERSUS  TIME  FOR  RENE'  41  AND 
INCONEL  718  FOILS  DUE  TO  730  TORR  SIMULATED 
PROFILE  EXPOSURES 
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ELONGATION  ft)  (Footnote  -  Table  XXIX) 


TIME  (hr) 


FIGURE  36.  PERCENT  ELONGATION  VERSUS  TIME  FOR  INCONEL  625  AND 
HAYNES  25  FOILS  DUE  TO  SIMULATED  PROFILE  EXPOSURES 
(Sheet  1  of  2) 


133 


ELONGATION  (%)  (Footnote  -  Table  XXIX) 


FK'URF  3<i  PERCENT  ELONGATION  VERSUS  TIME  FOR  INCONEL  <>213  AMD 
'  hayNES  25  FOILS  DUE  TO  SIMULATED  PROFILE  EXPOSURES 

(Sheet  2  of  2) 
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rate  values  (Table  XXVIII)  were  based  on  elongation  in  the  entire  length  of  the  test  speci¬ 
men  as  measured  by  a  LVDT  and  were  not  corrected  to  correspond  to  elongation  in  the 
gage  length  of  the  test  specimen  as  in  isothermal  creep  testing  (Table  VII).  There¬ 
fore,  the  creep  rate  values  in  mission  profile  simulation  tests  (Tables  XXVm,  XXIX, 
and  XXX)  cannot  be  compared  with  those  in  Table  VIL 

Tho  percent  loss  in  room  temperature  Fty  frr  Rene'  41  and  Inconel  718  was 
negligible  (2. 7  percent)  for  the  1800*F  profile  exposure,  and  33  percent  or  higher  for 
the  2000*F  profile  (Table  XXVm).  There  was  also  considerable  loss  in  percent  elonga¬ 
tion  values.  For  Rene'  41,  increasing  stress  resulted  in  increasing  loss  in  *tu  and 
elongation.  However,  the  major  loss  in  elongation  is  believed  to  be  the  result  of  oxi¬ 
dation  effects  rather  than  applied  stress,  since  a  56  percent  loss  in  elongation  ocourred 
after  the  1800°F  simulated  mission  profile  exposure  without  stress  (Table  XXVm). 

For  Rene'  41  and  Inconel  718,  the  oxidation  effects  on  the  microstructure  after 
a  simulated  profile  exposure  were  similar,  but  less  pronounced  than  those  after  the 
MGR  cyclic  oxidation  exposures  described  in  Paragraph  4. 4. 1.  (Compare  Figures  36 
and  26  for  Rene'  41  and  Figures  37  and  27  for  Inconel  718. )  In  the  case  of  Rene'  41 
the  thickness  (0. 5  mil)  of  oxide  plus  the  alloy  depletion  layer  resulting  from  a  22-cycle 
simulated  profile  exposure  at  1800*F  (Fig.  36)  was  almost  half  that  after  a  100-oycle 
profile  oxidation  exposure  at  1800*F  Tmax  (Fig.  26).  Intergranular  oxidation  attack 
along  the  edges  was  also  reduced.  The  decrease  in  attack  1b  most  likely  due  to  the 
lower  number  of  cycles,  22  versus  100.  The  applied  stress  did  not  appear  to  acceler¬ 
ate  attack  or  p  phase  formation  (Ref.  11). 

The  Rene'  41  and  Inconel  718  foils  were  appreciably  hardened  by  the  simulated 
profile  exposures  with  Tmax  of  1800  or  2000* F  (Table  XXVDd).  This  condition,  as 
explained  in  Paragraph  4. 4. 1,  could  be  an  aging  effect  resulting  in  the  formation  of 
Y  '-Nig(Al,  Ti)  precipitate  in  the  case  of  Rene'  41  or  of  Nig  (Cb,  Ti)  for  Inconel  718. 

The  lower  hardness  of  Inconel  718  after  the  2000*  F  Tmax  profile  as  compared  to  the 
hardness  after  the  1800*F  profile  is  probably  the  result  of  uissolution  of  Nig  (Cb,Ti) 
at  temperatures  higher  than  1800*F  (para  4. 4. 1).  The  hardness  values  after  the  22 
one-hour  cycle  simulated  profile  exposures  (Table  XXVfiX)  were  greater  than  those 
after  the  100  one-hour  sHw -cycle  MGR  oxidation  exposure  (Table  XX). 

4.  S.  2  Profile  Simulation  Test  Results  for  Inconel  625  and  Haynes  25  Alloy* 

The  22  one-hour  slow -cycle  atmospheric  pressure  profile  simulation  tests 
for  Inconel  625  and  Haynes  25  were  conducted  at  two  different  Tm«».  1800  and  2000* F 
(Table  XXIX).  The  reduced  pressure  (0. 18  and  10  Torr)  tests  were  conducted  at  one 
Truu  only,  i.  e. ,  the  recommended  maximum  service  temperature,  180CF  for  Inconel 
625  and  2000*  F  for  Haynes  25.  One  hundred  one-hour  slow -cycle  simulated  profile 
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Magnification  500X 


FIGURE  37, 


FIGURE  28. 


MICROSTRUCTURE  OF  RENE'  41  AFTER  SIMULATED  MISSION 
PROFILE  EXPOSURE 


MICROSTRUCTURE  OF  INCONEL  718  AFTER  SIMULATED 
MISSION  PROFILE  EXPOSURE 


tests  at  a  Tmax  of  1800*F  and  at  760  and  0. 18  Torr  pressures  for  Inconel  625  and  at 
Tmax  of  1800  and  2000“  F  and  0. 18  Torr  pressure  for  Haynes  25  (Table  XXXI). 

The  creep  rate  for  Inconel  625  was  higher  than  that  for  Haynes  25  at  simulated 
profiles  of  760  Torr  with  Tmax  of  1800  or  2000’F  (Table  XXIX  and  Fig.  38).  The  two 
matrix  strengthened  alloys  exhibited  higher  creep  rate  than  the  two  thoria  dispersion 
strengthened  alloys  in  the  mission  profile  simulation  tests  as  well  as  in  isothermal 
creep  tests  (para  4. 1).  The  creep  rate  for  the  Inconel  625  and  Haynes  25  alloys  in¬ 
creased  with  increasing  temperature  or  Increasing  stress,  and  also  with  a  decrease 
in  environmental  pressure.  The  creep  rate  (or  percent  elongation)  was  highest  after 
simulated  mission  profile  exposure  at  the  lowest  pressure,  0. 18  Torr;  the  other  expo¬ 
sure  conditions  (profile  characteristics,  Tmax,  22  cycles,  ard  applied  stress)  remaining 
constant  (Table  XXIX  and  Fig.  38).  In  the  case  of  rupture,  the  stress  rupture  time 
was  least  at  0. 18  Torr.  The  increase  in  creep  rate  with  decrease  in  pressure  could 
be,  in  part,  a  result  of  temperature  differences  in  760,  10. 0,  and  0. 18  Torr  pressures 
and  may  not  be  truly  a  pressure  effect  Temperature  calibration  indicates  that 
may  have  been  15  to  20  degrees  F  higher  in  low  p.  assure  tests  (para  3. 6). 

The  maximum  stress  that  Inconel  625  can  withstand  without  rupture  is  between 
4.  2  and  5. 0  ksi  at  an  exposure  of  1800*F  (Tmax)  for  22  one-hour  cycles  (Table  XXEX). 
The  maximum  stress  that  could  be  applied  to  Haynes  25  for  2000*F  Tjnax  profile  for 
22  one-hour  cycles  is  greater  than  1. 45  ksi  but  less  than  2. 9  ksi. 

The  overall  loss  in  room  temperature  tensile  properties  (F^,  5r  and  per¬ 
cent  elongation)  for  both  Inconel  625  and  Haynes  25  was  less  at  10  Torr  than  at  760  or 
0. 18  Torr  during  the  simulated  profile  exposures  with  TmJU(  of  1800  and  2000* F  respec¬ 
tively.  Maximum  loss  in  percent  elongation  (or  embrittling)  of  the  two  alloya  occurred 
as  a  result  of  760  Torr  mission  profile  exposure. 

The  1800*F  -  760  Torr  -  22-cycle  mission  profile  with  no  appliH  stress  re¬ 
sulted  in  18  percent  loss  in  elongation  and  negligible  loss  in  Ftu  and  Tft  values  as 
compared  to  M-recelved  tensile  properties  of  Inconel  625.  The  2000*  F  -  760  Torr  - 
22 -cycle  mission  profile  with  zero  stress  caused  much  higher  loss  (53  percent)  in 
elongation,  but  less  than  10  percent  loss  in  Ftu  and  F^  values  for  Haynes  25.  Thus, 
the  mission  profile  with  no  load  resulted  principally  in  loss  of  ductility.  With  increas¬ 
ing  applied  stress,  the  degradation  in  room  temperature  tensile  properties  was  higher 
(Table  XXIX).  The  decrease  in  or  F^y  values  and  further  reduction  in  ductility 
was  primarily  the  result  of  the  permanent  elongation  in  the  specimen  due  to  application 
of  load. 
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The  microstructure  of  Inconel  62S  after  various  environmental  exposures  ex¬ 
hibited  oxidation  effects  similar  to  those  after  cyclic  oxidation  exposure:  oxidation 
r**aek  along  grain  boundaries,  decarburization,  slight  grain  growth,  and  the  formation 
v  n  alloy  depletion  layer  (para  4. 4. 1).  For  Baynes  25,  there  were  intergranular 
cracks  along  the  edges,  their  number  and  size  increased  with  increasing  profile  Tmnv 
and  with  decreasing  environmental  pressure  (Fig.  39A,  B,  C,  and  D).  The  decarburi- 
zation  for  both  Inconel  625  and  Haynes  25  appeared  to  be  maximum  after  the  760  Torr 
exposure.  Haynes  25  displayed  internal  carbide  precipitation:  the  size  of  carbide  parti¬ 
cles  was  found  to  increase  with  decreasing  pressure  for  the  200(TF  -  22-cycle  simulated 
profile  exposures  (Fig.  39B,  C,  and  D).  The  percent  of  carbides  from  microstructural 
analyses  was  about  the  same  after  9. 18  or  10. 0  Torr  exposures  (Fig.  39C  and  D). 

After  the  low-pressure  (10. 0  Torr  or  0. 18  Torr)  2000*  F  -  22 -cycle  exposure,  the  car¬ 
bide  precipitates  were  mostly  at  the  grain  tx/j~daries  (Fig.  39C  and  D).  Recrystalli- 
zation  twins  were  present  after  different  mission  profile  exposures.  The  elongation 
of  grains,  especially  in  the  longitudinal  direction  due  to  the  applied  stress,  is  evident 
from  the  microstructures.  The  elongation  of  grains  was  maximum  after  0. 18  Torr 
exposure.  The  needles  of  an  unidentified  phase  were  present  within  the  grains  in  the 
microstructure  of  Haynes  25  after  0. 18  Torr  -  2000*F  exposure  (Fig.  3yD). 

The  Inconel  625  and  Haynes  25  were  appreciably  hardened  by  the  simulated 
profile  exposures,  possibly  the  result  of  internal  oxidation  (para  4. 4.  2)  or  aging  effects. 
For  Inconel  625,  the  increase  in  microhardness  values  after  the  2000°  F  Tmax  profile 
exposure  was  less  than  after  the  1800°F  Tmax  exposur  e,  and  may  be  the  result  of  a 
decrease  in  the  N  content  (para  4. 4. 2)  or  to  dissolution  of  Y\ 

Simulated  Profile  Exposures  for  100  One-Hour  Slow  Cycles  for  Inconel  625  and  Haynes  25. 

For  Inconel  625,  large  elongation  values  of  17.  7  cr  21  percent  were  obtained 
after  a  simulated  profile  exposure  of  100  one-hour  slow -cycles  with  a  Tmax  of  1800°F 
at  760  or  0. 18  Torr,  respectively  (Table  XXXI).  The  elongation  and  oxidation  of  the 
specimen  resulted  in  considerable  loss  in  room  temperature  F^  and  percent  elongation 
values  for  Inconel  625.  The  loss  in  room  temperature  Fty  was  less  than  33  percent. 

In  general,  the  loss  in  room  temperature  tensile  properties  after  oxidation  exposure 
has  been  shown  to  be  higher  than  the  loss  in  high-temperature  properties  (para  4. 3. 1). 
Therefore,  Inconel  625  can  be  still  considered  satisfactory  for  service  at  1800°F  for 
h  stret  of  at  least  2. 5  ksi.  The  most  severe  pressure  condition  for  Inconel  625  was 
found  to  be  760  Torr.  Effects  on  nJc restructure  were  similar  to  those  discussed  in 
Paragraph  4. 4. 1.  The  Inconel  625  foil  was  slightly  hardened,  but  the  increase  in  hard¬ 
ness  after  the  100-cycle  profile  exposure  was  less  than  that  after  the  22 -cycle  profile 
exposure,  which  could  be  cause:'  by  dissolution  of  y  in  extended  time  (100  cycles). 
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FIGURE  39.  MICROSTRUCTURE  OF  HAYNES  25  FOIL  AFTER  SIMULATED 
MISSION  PROFILE  EXPOSURE  (Sheet  1  of  2) 
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FIGURE  39.  MICROSTRUCTURE  OF  HAYNES  25  FOIL  AFTER  SIMULATED 
MISSION  PROFILE  EXPOSURE  (Sheet  2  of  2) 
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For  Haynes  25,  the  2000*  F  mission  profile  exposure  at  the  most  severe  pres¬ 
sure  (0. 18  Torr)  and  a  stress  of  one  ksi  caused  specimen  rupture  after  05. 5  one-hour 
slow  cycles.  Therefore,  Haynes  25  is  not  satisfactory  for  service  at  2OQ0*F,  The 
1800*  F  -  0. 13  Torr  -  100-cycle  -  2. 9  ksi  mission  profile  exposure  resulted  in  creep 
of  seven  percent  and  a  loss  in  room  temperature  properties  of  17  percent  in  F$y  and 
30, 8  percent  in  elongation.  Thus,  the  recommended  maximum  service  temperature 
for  Haynes  25  is  180(TF  and  not  2000“  F, 

The  microstructure  of  Haynes  25  after  the  1800“F  -  0. 18  Torr  -  100-cycle  - 
2. 9  ksi  simulated  profile  exposure  in  both  longitudinal  and  transverse  directions  are 
shown  in  Figure  39E.  This  profile  exposure  resulted  in  grain  growth,  internal  precipi¬ 
tation  of  carbides,  cracking  along  the  edges,  and  intergranular  oxidation  attack.  The 
cracks  were  wider  in  the  longitudinal  microstructure  than  in  the  transverse  direction 
(Fig,  39D  and  E).  Recrystallization  twins  were  present.  In  addition,  there  were  needles 
of  an  unidentified  phase  (probably  C03W)  within  the  grains  (Fig.  39E).  The  presence  of 
this  phase  is  also  indicated  by  an  increase  in  the  hardness  value  from  303  to  539  KHN 
(Table  XXXI).  The  unidentified  phase  was  not  observed  after  the  22-cycle  mission  pro¬ 
file  exposure  with  Tm^  of  1800°F  at  760  Torr,  or  with  Tmax  of  200<FF  at  760  Torr  or 
10.  0  Torr  (Fig.  39 A,  B,  and  C),  or  after  a  100-cycle  MGR  unstressed  oxidation  ex¬ 
posure  at  Tmax  of  1800,  2000,  or  2100*F  (Fig.  2f<) .  The  unidentified  phase  was  present 
after  the  0. 18  Torr  -  2000*F  -  22-cycle  mission  profile  exposure  (Fig.  29).  This 
presence  indicates  that  the  unidentified  phase  only  formed  after  0. 18  Torr  exposure  in 
the  stressed  condition.  Thus  it  was  found  that  Haynes  25  is  stress  sensitive  and  that 
0. 1 8  Torr  is  the  most  severe  pressure  condition. 

4.  5. 3  Profile  Simulation  Test  Results  for  TD  Nickel  and  TD  Nickel/Chromium  Alloys 

The  22  one-hour  slow-cycle  profile  simulation  tests  were  conducted  at  three 
different  pressures  (760,  0. 18,  and  10. 0  Torr)  and  Tmax  of  2000  and  2200“F  for  TD 
Nickel  and  T^^x  2000,  2200,  and  2400*F  for  TD  Nickel/chromium  (Table  XXX). 

One  hundred  one-hour  slow-cycle  mission  profile  tests  at  Tmax  of  2200*  F  in  760  Torr 
pressure  for  TD  Nickel  and  at  Tmax  of  2400"F  in  0. 18  Torr  pressure  for  TD  Nickel/ 
chromium  were  also  performed  (Table  XXXI). 

The  creep  rate  for  TD  Nickel  was  higher  than  that  of  TD  Niokel/chromium  for 
different  mission  profiles  with  Tmax  of  2000  and  2200* F  (Table  XXX).  The  two  disper¬ 
sion  strengthened  alloy t  exhibited  lower  creep  rate  than  the  two  solid  solution  strength¬ 
ened  alloys  or  the  two  precipitation  hardened  alloys  (Tables  XXVm,  XXIX,  and  XXX). 
Among  the  six  superalloys,  the  creep  rate  for  TD  Nickel/chromium  was  the  lowest. 
Increasing  temperature  or  stress  resulted  in  a  higher  creep  rate  (Table  XXX).  No  defi- 
nate  increase  in  creep  rate  with  decrease  in  environmental  pressure  was  noted  for  the 


TD  Nickel  or  TO  Nickel/chromium  alloys  during  mission  profile  exposures  with  Tmax 
of  2900  or  2290*  F  (Table  XXX).  But  for  the  2000*F  -  5  ksi  -  22-cycle  profile  exposure 
far  TD  Nickel,  the  highest  creep  rrte  occurred  during  the  0. 18  Torr  exposure 
(Table  XXX).  ha  the  case  of  TD  Nickel/chromium  for  the  2490*F  Tmax  profiles,  the 
hipest  creep  rate  occurred  (hiring  the  0. 18  Torr  exposure. 

The  overall  loss  in  room  temperature  Ft«  and  F|  values  of  TD  Nickel  after 
the  different  mission  profile  exposures  for  22  cycles  with  Tmax  of  2000  or  220(FF  was 
less  than  S3  percent  (Table  XXX).  Loss  in  elongation  values  was  considerable.  The 
maximum  stress  to  which  TD  Nickel  can  be  subjected  is  five  and  three  ksi  for  simulated 
mission  profile  exposures  with  Tmax  of  2000  and  2200*  F,  respectively. 

Ifierostructural  examination  alter  testing  revealed  the  formation  of  NiO  at  the 
surface  and  in  increase  in  hardness.  The  thickness  of  the  oxide  formed  and  of  the  un- 
oxidized  substrate  after  the  different  exposures  are  given  in  following  tabulation. 


22-Cycle  Simulated 

Profile  Exposure 

Thickness  (t)  of 
the  Oxide/side 
(mil) 

Thickness  of  the 
Substrate  (T) 
(mil) 

2000*F  -  760  Torr  -  6  ksi 

0.  75 

9.2 

2000*F  -  10  Torr  -  5  ksi 

0.  5 

9.9 

200(FF  -  0. 18  Torr  -  5  ksi 

Negligible 

10.3 

220(FF  -  10  Torr  -  3  ksi 

0.9 

8.7 

The  thickness  of  the  NiO  formed  was  greater  at  higher  temperatures  as  well 
as  at  higher  pressures.  During  the  0. 18  Torr  -  2000* F  -  22 -cycle  -  5  ksi  simulated 
profile  exposure  there  was  negligible  oxide  formation. 

The  TD  Niokel/chromium  alloy  exhibited  less  than  33  percent  loss  in  room 
temperature  Fty  or  Ftu  after  various  simulated  mission  profile  exposures  for  22  cycles 
with  Tmax  of  2000,  2200,  or  2400*  F  (except  for  the  36. 4  percent  loss  in  room  tempera¬ 
ture  in  Ftu  after  2400* F  -  760  Torr  -  2  ksi  exposure*.  Considerable  loss  in  room 
temperature  elongation  values  occurred  (Table  XXX).  But  the  loss  in  tensile  proper¬ 
ties  at  elevated  temperature  would  be  expected  to  be  much  less  than  that  at  room  tem¬ 
perature.  Therefore,  the  TD  Nickel/chromium  alloy  is  considered  satisfactory  for 
service  at  temperatures  up  to  2400*  F  for  22  cyoles  of  simulated  profile  exposure. 

Based  on  the  data  contained  in  Table  XXX,  the  minimum  stresses  that  can  be  applied 
to  TD  NickeVchromium  foil  are  eight,  six,  and  two  ksi  for  the  22-cycle  mission  profile 
exposure  at  2000,  2200,  and  240CPF,  respectively.  The  effects  of  the  mission  profile 
exposure  on  the  microstructure  of  TD  Nickel/chromium  were  similar  to  those  of  the 
cyclic  oxidation  exposure  (para  4. 1).  There  was  an  increase  in  the  microhardness 
values  after  the  simulated  profile  exposures  (Table  XXX). 
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Test  Direction  -  Longitudinal 


PROFILE  EXPOSURE 

Mission  Profile  Exposure  /or  100  One-Hour  Slow  Cycles  for  TP  Nickel  and  TD  Nickel/ 
Chromium 


The  2200* F  -  1  kai  -  760  Torr  -  100-cycle  mission  profile  exposure  for  TD 
Nickel  resulted  in  a  nine  percent  elongation  in  the  specimen  and  considerable  loss  in 
Fty  (47. 5  percent),  F^  (60.  5  percent),  and  elongation  (95. 4  peroent)  (Table  XXXI). 

The  thickness  of  the  adherent  NiO  formed  was  about  3. 0  mils  and  that  of  the  substrate 
was  5.  0  mils  (Figure  40).  Thus,  50  percent  of  the  cross  section  area  of  TD  Nickel 
foil  was  oxidised;  whereas,  after  the  unstressed  2200*F  -  760  Torr  -  100 -cycle  MGR 
exposure,  only  25  peroent  of  the  area  of  cross  section  was  converted  into  NIO 
(para  4. 4. 1).  The  loss  in  room  temperature  tensile  properties  after  the  mission  pro- 
file  exposure  (with  a  stress  of  one  ksi)  was  greater  than  after  a  similar  cyclic  MGR 
oxidation  exposure  without  stress  (Table  XXXI).  The  greater  reduction  in  area  of  the 
substrate  with  the  stress  of  one  ksi  may  be  part  be  responsible  for  the  increased  prop¬ 
erty  degradations.  Thus,  ?200*F  is  too  high  a  service  temperature  for  TD  Nickel. 

The  recommended  maximum  service  temperature  for  TD  Nickel  is  2000*  F. 

For  TD  Nickel/chromium,  the  2400* F  -  2  ksi  -  0. 18  Torr  -  100-cycle  simu¬ 
lated  profile  exposure  resulted  in  14.  5  percent  loss  in  room  temperature  Fta-  31  per¬ 
cent  loss  in  elongation,  and  no  loss  in  Fty  (Table  XXXI).  No  adverse  micro  structural 
changes  were  ooserved.  Increase  in  micro  hardness  values  was  slight.  The  TD  Nickel/ 
chromium  test  specimen  ruptured  after  98  cycles  during  the  mission  profile  test  at 
2400*  F  -  760  Torr  -  7  ksi  (Table  XXXI).  The  TD  Nickel/chromium  can  be  subjected 
to  one  ksi  stress  in  simulated  mission  profile  tests  at  2400*  F  in  760  Torr.  Therefore, 
TD  Nickel/chromium  is  satisfactory  for  service  at  2400*  F. 
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DISCUSSION  OF  RESULTS 


Certain  similarities  were  observed  in  the  effects  of  cyclic  oxidation  exposures 
on  the  mechanical  properties  of  the  program  alloy  foils  at  different  temperatures.  The 
percent  loss  in  tensile  properties  and  fatigue  life  of  the  Inconel  625,  Haynes  25,  TD 
Nickel,  and  TD  Nickel/chromium  alloys,  as  a  result  of  100  one-hour  8  low -cycle  oxi¬ 
dation  exposures,  was  maximum  at  room  temperature  and  decreased  with  increasing 
test  temperature.  This  loss  is  illustrated  in  Figure  1  for  the  four  alloys.  Figure  1 
contains  plots  of  percent  loss  (due  to  cyclic  oxidation)  in  Fty  or  fatigue  limit  at  various 
test  temperatures.  The  percent  loss  in  tensile  properties  for  Rene'  41  and  Inconel  718 
foils,  resulting  from  cyclic  oxidation,  was  highest  at  the  ductility  minimum  tempera¬ 
tures  (1600  and  1300* F,  respectively),  followed  by  the  loss  at  room  temperature  and 
at  elevated  temperatures  (Table  VHI).  The  percent  loss  in  tensile  properties  after 
cyclic  oxidation  was  less  (and  negligible)  at  the  elevated  temperatures  of  1800  to  2200*  F 
than  at  other  test  temperatures  for  the  six  program  alloys.  At  the  recommended  maxi¬ 
mum  service  temperatures,  the  tensile  data  (F^,  F^,  and  percent  elongation)  exhibited 
higher  values  in  the  oxidized  conditions  than  in  the  as -received  condition  (Tables  VIII. 
DC,  and  X).  Preoxidizing  the  program  alloy  foils  could  thus  improve  their  performance 
and  servioe  capability  at  high  temperatures,  but  only  at  the  sacrifice  in  room  tempera¬ 
ture  properties. 

The  different  cyclic  oxidation  exposures  resulted,  in  general,  in  a  much  higher 
percent  loss  in  room  temperature  tensile  properties  or  room  temperature  fatigue  life 
than  in  high  temperature  tensile  or  fatigue  tests  or  any  other  mechanical  tests  (high 
rate  tensile  and  notch  tensile  tests).  The  room  temperature  tensile  or  fatigue  tests 
are  the  most  severe  for  the  determination  of  performance  degradation  resulting  from 
oxidation  exposures.  Among  the  room  temperature  tensile  properties,  the  loe*  in  per¬ 
cent  elongation  was  highest  followed  by  Ftu  and  Ftr 

The  effects  of  temperature,  pressure,  and  stress  on  the  properties  of  the 
program  alloys  are  discussed  in  the  following  paragraphs. 


1.1  EF7ECT8  OF  TEMPERATURE 

Increasing  th*  test  temperature  resulted  in  an  increase  in  creep  rate  and  a 
decrease  in  tensile  strength  (F^  or  Fty),  notch  tensile  strength  (F^  or  Fnty),  and 
fatigue  life  of  the  program  alloys  in  as-received  or  oxidized  conditions.  For  the  as- 
received  or  oxidized  Inconel  625  and  Haynes  25  alloys,  the  notch  strength  ratio  in¬ 
creased  (i.  e. ,  the  notch  sensitivity  decreased)  as  a  result  of  increase  in  the  test  tem¬ 
perature.  The  two  dispersion  strengthened  alloys,  especially  TD  Nickel/chromium, 
exhibited  notch  sensitivity  at  high  temperatures  (>2000* F).  The  percent  total  elongation 
values  exhibited  ductility  minimum  behavior  at  temperatures  higher  thaw  or  equal  to 
the  reported  Thw  of  the  alloys  in  as-received  or  oxidized  conditions  in  both  tensile  or 
notch  tensile  tests.  (The  high-temperature  notch  tensile  tests  were  conducted  only  for 
the  Inconel  625,  Haynes  25,  and  TD  Nickel/chromium  alloys. )  For  the  as-received 
or  oxidised  alloys.  Inconel  718,  Haynes  25,  and  TD  Nickel,  the  Tdm  were  the  same 
as  in  the  literature,  1300,  M0r  ^jd  1600*F,  respectively.  The  Rene'  41,  Inconel  625, 
and  TD  Nickel  alloys  in  the  as-received  or  oxidized  conditions  exhibited  T^  of  1800, 
2000,  and  220QTF,  respectively.  These  temperatures  are  higher  than  their  reported 
Tdm  “  WOO.  *nd  1600*F,  respectively. 

Increasing  the  oxidation  exposure  maximum  temperature  (TQX)  for  the  six 
program  alloys  increased  the  oxidation  rate  and  the  oxide  spallii*,  and  decreased  the 
tensile  properties  at  room  temperature,  at  the  reported  Tdm,  the  room  temperature 
notch  tensile  strength  (Fnty  or  F^-),  and  the  room  temperature  fatigue  limit.  The 
exception  is  TD  Nickel /chromium  for  which  the  room  temperature  fatigue  limit  im¬ 
proved  after  760  Torr  cyclic  oxidation  exposures  at  2000  and  220CTF,  but  decreased 
by  7. 7  percent  after  a  240<TF  -  760  Torr  -  100-cycle  oxidation  exposure. 

The  percent  loss  in  fatigue  limit  at  T^  as  a  result  of  increase  in  was 
much  less  than  that  in  room  temperature  fatigue  limit  for  the  four  program  alloys 
{Inconel  625,  Haynes  25,  TD  Nickel,  and  TD  Nickel/ohromium).  The  room  tempera¬ 
ture  notch  sensitivity  decreased  (or  the  NSR  increased)  as  a  result  of  increase  in 
Tm  for  all  the  program  alloy*  except  Inconel  625,  Increasing  T^  had  a  pronounced 
effect  on  the  micro -structure,  e.  g. : 

•  Intergranular  oxidation  attack  for  Rene’  41,  Inconel  718,  Inconel  625,  and 
fhynea  25.  There  wa  >  Intergranular  oxidation  attack  for  the  thoria 
dispersed  alloys. 

•  Grain  growth  for  Inconel  718  and  Haynes  25. 

•  Decarburisation  for  Rene'  41,  Inconel  718,  Inconel  625,  and  Haynes  25. 

•  Formation  of  an  allov  depletion  layer  for  Rene'  41,  Inconel  625,  and 
Haynes  25.  The  thickness  of  the  alloy  depletion  layer  was  found  to  in¬ 
crease  with  increasing  TOJr 


•  Oxide  formation  at  the  edges  for  all  the  program  alloys. 

•  Internal  oxidation  especially  for  Rene'  41,  Haynes  25,  TD  Nickel,  and 
TD  Nickel/chromium. 

The  amount  of  internal  oxides  formed  (NiO  for  TD  Nickel  and  in  the 

case  of  TD  Nickel/chromium)  increased  with  increasing  TQX.  There  was  an  increase 
in  oxygen  content  with  increasing  TQX  for  the  Haynes  25,  TD  Nickel,  and  TD  Nickel/ 
chromium  alloys  (Table  XVII).  The  nitrogen  content  was  found  to  increase  for  Haynes 
25  and  TD  Nickel  (but  it  decreased  for  TD  Nickel/chromium)  as  a  result  of  an  increase 


Miorohardness  values  for  the  program  alloys  exhibited  interesting  changes 
(Table  XX).  With  an  increase  in  Tox  from  1800  to  2000° F,  the  miorohardness  value 
at  the  center  decreased  for  Inconel  718  and  Inconel  625,  probably  due  to  the  dissolution 
of  y'  and/or  reduction  in  nitrogen  content.  The  hardness  values  increased  for  Haynes 
25  because  of  internal  oxidation  (formation  of  Si02  or  Cr^O^)  as  evidenced  by  an  in¬ 
crease  in  oxygen  content  (Table  XVII).  For  Rene'  41,  the  miorohardness  values  at 
the  center  were  about  the  same  after  a  760  Torr  -  100-cycle  oxidation  exposure  with 
Tw  of  1600  or  2000°F  because  of  instability  of  Y'  and  p phase  at  180(f  F  and  higher 
temperatures.  The  miorohardness  values,  for  the  two  dispersion  strengthened  alloys, 
decreased  with  an  increase  in  TQX  because  of  additional  stress  relief  provided  at  higher 
exposure  temperatures. 

5.2  EFFECTS  OF  PRESSURE 

The  time-temperature  profile  effects  were  about  15  percent  more  severe 
during  the  0. 18  Torr  oxidation  exposure  than  during  the  760  Torr  exposure  (para  3. 3. 2). 
For  the  four  alloys  (Inconel  625,  Haynes  25,  TD  Nickel,  and  TD  Nickel/chromium), 
the  decrease  in  pressure  firom  760  Torr  to  0. 18  Torr  (for  a  100-cycle  oxidation  ex¬ 
posure  for  the  profiles  with  Tmax  of  1800,  2000,  2200,  and  2400* F,  respectively)  re¬ 
sulted  in: 

•  Deer  eat  in  oxidation  rate 

•  Reduction  in  spalling  of  the  oxic’ss 

•  Increase  in  room  temperature  fatigue  limit  by  about  25  percent  for 
Inconel  625,  three  percent  for  Haynes  25,  and  more  than  six  percent  for 
TD  Nickel.  For  TD  Nickel/chromium  there  was  a  slight  reduction  in 
room  temperature  fatigue  life,  but  this  was  offset  by  15  percent  increased 
severity  of  time -temperature  effects  during  cycling  oxidation  at  0. 18  Torr. 

•  Decrease  in  fatigue  limit  at  by  25  percent  for  Haynes  25  and  seven 
percent  for  TD  NickeL  For  Inconel  625  and  TD  Nickel/chromium,  there 
was  no  change  in  fatigue  limit  at  Tdm  as  a  result  of  the  decrease  in  pres¬ 
sure  from  760  to  0. 18  Torr. 
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There  wu  no  significant  effect  of  reduced  oxidation  pressure  (0, 18  Torr)  on 
tbe  residual  tensile  or  notch  tensile  properties  at  room  temperature  or  at  high  temper¬ 
atures  for  Inconel  625  and  TD  Nickel/chromium  foils.  The  percent  loss  in  tensile  or 
notch  tensile  properties  at  different  temperatures  for  Haynes  25  was  greater  after  the 
0. 18  Torr  -  2000*  F  -  100 -cycle  oxidation  exposure  than  after  the  760  Torr  -  2000*  F  - 
100-cycle  oxidation  exposure  (Tables  X  and  XU).  For  TD  Nickel,  the  percent  residual 
tensile  or  room  temperature  notch  tensile  properties  were  higher  after  the  0. 18  Torr  - 
2200*F  oxidation  exposure  than  after  the  760  Torr  -  2200“  F  oxidation  exposure  at  room 
temperature,  but  were  lower  at  1600  and  2200*F  (Tables  XI  and  XII).  This  appears 
to  be  due  to  the  plasticity  of  NiC  (para  4. 3. 1)  at  high  temperatures  which  allows  both 
the  oxide  and  die  alloy  to  bear  load.  The  NSR  at  various  test  temperatures  for  ~j.conel 
625  and  Haynes  25  was  not  significantly  affected  by  reduction  in  oxidation  pressure, 
but  the  room  temperature  NSR  increased  from  0. 96  to  1. 12  for  TD  Nickel  and  from 
0.  87  to  0. 94  for  TD  Nickel/chromium  (Table  XU). 

The  micro  structural  effects  for  the  four  alloys,  because  of  oxidation  at  0. 18 
or  760  Torr  pressures,  were  similar  except  for  the  following  effects  at  0. 18  Torr: 

•  Less  decarburization  for  Inconel  625  and  Haynes  25 

•  Decrease  in  thickness  of  alloy  depletion  layer  for  Inconel  625  and  Haynes  25 

•  About  50  percent  decrease  in  thickness  of  NiO  for  TD  Nickel 

•  Less  interna]  oxides  in  the  case  of  TD  Nickel/chromium 

•  Reduced  nitrogen  content  and  a  general  decrease  In  internal  oxidation 
can  explain  generally  lower  mlcrobardness  values  of  all  tbs  four  alloys 
after  exposure  to  0. 18  Torr  as  compared  to  760  Torr. 

The  oxides  formed  after  760  or  0. 18  Torr  oxidation  exposures  were  the  same 
for  Inconel  $25,  TD  Nickel,  and  TD  Nickel/chromium  but  not  for  Haynes  25.  The 
oxides  on  Haynes  25  after  tbs  2000* F  -  100 -cycle  exposure  at  different  pressures  were: 

760  Torr  -  CoCr204 

10. 0  Torr  -  -Cr20^  *  CoCr204 

0.18  Torr  -  o-Cr203 

The  lower  rate  of  oxide  formation  at  0. 18  Torr  than  at  760  Torr  favored  the 
formation  of  more  stable  Cr2Oj  over  spinel 
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Interesting  microstructural  effects  were  observed  for  Haynes  25  in  mission 
profile  simulation  tests  at  0. 18  Torr  preabj^e.  The  needles  of  an  unidentified  phase 
(probably  C03W)  were  formed  only  after  0. 18  Torr  exposure  in  the  stressed  condition. 
The  elongation  of  grains  and  the  size  of  internal  carbides  were  greater  after  0. 18  Torr 
pressure  than  after  760  or  10.  0  Torr  pressure.  Therefore,  the  most  severe  pressure 
for  Haynes  25  is  0. 18  Torr. 

5.  3  EFFECTS  OF  STRESS 

The  main  effects  of  increasing  applied  stress  in  the  mission  profile  test  were 
the  increased  permanent  elongation  and  increased  loss  in  room  temperature  tensile 
properties  for  all  six  program  alloys.  The  applied  stress  in  mission  profile  tests  for 
22  one-hour  slow  cycles  resulted  in  higher  hardness  values  th'  fter  100  one-hour 
slow-cycle  oxidation  exposures  (without  stress)  for  the  program  alloys  except  TD 
(Nickel/chromium  (Tables  XXV III,  XXIX,  XXX,  and  XXXI).  The  effects  of  applied 
stress  on  microstructure,  observed  only  for  Haynes  25  and  TD  Nickel,  were: 

•  Formation  of  needles  '  unidentified  phase  after  the  2000° F  -  0. 18  Torr 
exposure  for  22  cycles  or  1  JO  cveles  (Fig.  39D  and  E)  for  Haynes  25  only 
in  the  stressed  condition. 

•  The  thicknesses  of  the  nnhstroto  jf  TD  Nickel  foil  were  7.  5  mil  and  5.  0  mil 
after  oxidation  exposures  at  2200* F  -  100  cycles  -  760  Torr  with  no  stress 
and  a  stress  of  1.  0  ksi,  respectively. 

The  degradation  in  various  mechanical  properties  as  a  result  of  different  oxi¬ 
dation  exposures  for  the  Bix  program  alloys  was  accounted  for  by  their  oxidation  rate, 
scale  thickness,  extent  of  internal  oxidation,  microstructural  analyses,  microhardness 
determination,  and  other  diagnostic  techniques.  Based  on  the  results  of  various  tests 
and  evaluation,  the  selected  four  alloys,  in  order  of  preference,  their  r-commended 
maximum  service  temperature,  the  most  severe  pressure  condition  th~  maximum 
stresses  that  the  foils  can  withstand  are: 


Superalloy  Foil 
(0.  01  in. ) 

Recommended 

T 

max 

CF) 

Most  Severe 

Pressure 

(Torr) 

Maximum  Stress  for 
Elongation  of  1  percent 
(ksi) 

TD  Nickel/chromium 

2400 

760 

1.0 

TD  Nickel 

2000 

760 

-4.0 

Haynes  25 

1800 

0.  18 

-2.9 

Inconel  625 

1800 

780 

-1.0 

148 


iSWSbWS**** 
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CONCLUSIONS  AND  RECOMMENDATIONS 


The  six  superalloy  foils  (0. 01  inch  thick)  selected  for  extensive  evaluation  on 
the  basis  of  availability  and  strengthening  mechanisms,  and  upon  a  literature  review 
for  mechanical  properties  and  oxidation  and  stability  data  were: 

•  Rene'  41  and  Inconel  718  (precipitation  hardened) 

•  Inconel  625  and  Haynes  25  (solid  solution  strengthened) 

•  TD  Nickel  and  TD  Nickel/chromium  (thoria  dispersion  strengthened) 

The  intent  of  this  study  was  to  investigate  and  characterize  the  effects  of 
cyclic  oxidation  exposures  on  mechanical  properties  of  the  six  alloy  foils  for  use  as 
honeycomb  heat  shields  in  hypersonic  vehicles  in  atmospheric  pressure  and  in  pres¬ 
sures  expected  to  be  e  countered  at  100, 000  and  200, 000  feet  altitudes.  Recommen¬ 
dations  regarding  maximum  service  temperature  of  the  alloys  for  use  as  honeycomb 
heat  shields  were  also  desired. 

Evaluation  was  conducted  by  mechanical  property  testing  and  by  diagnostic 
analyses  of  the  superalloy  foils  in  the  as -received  and  the  oxidized  conditions.  The 
maximum  use  temperature  was  determined  as  the  temperature  that  did  not  produce  a 
loss  of  more  than  33  percent  of  any  mechanical  property  from  the  as-received  condition 
in  100  slow  cycles  or  the  temperature  at  which  the  alloy  would  creep  less  than  one  per¬ 
cent  under  a  one  ksi  stress  in  20  hours.  Based  on  the  results  of  extensive  evaluations, 
the  following  conclusions  are  made. 

6. 1  CONCLUSIONS 

The  alloys,  Rene'  41  and  Inconel  718,  although  serviceable  at  temperatures 
up  to  1800°F  in  atmospheric  pressure  condition,  were  eliminated  from  the  program 
because: 

•  The  overall  degradation  in  tensile  properties  due  to  1800°F  -  760  Torr  - 
100 -cycle  oxidation  is  higher  than  that  for  Inconel  625  and  Haynes  25  alloys. 

•  The  creep  rate  and  oxidation  rates  are  higher  than  for  Inconel  625  and 
Haynes  25. 


151 


The  selected  four  alloys,  in  order  of  preference,  ♦'heir  recommended  maximum 
service  temperature,  the  most  severe  pressure  condition,  and  the  maximum  stresses 
that  the  foils  can  withstand  in  100  one -hour  cycles  are: 


Super  alloy  Foil 
(0. 01  in. ) 

Recommended 

Tmax 
f  F> 

Most  Severe 
Pressure 
(Torr) 

Maximum  Stress  for 
Elongation  of  1  percent 
(ksi) 

TD  Nickel/chromium 

2400 

760 

1.0 

TD  Nickel 

2000 

760 

-4.0 

Haynes  25 

1300 

0. 18 

-2.9 

Inconel  625 

1800 

760 

-1.0 

The  ductility  minimum  temperatures  for  the  six  superalloy  foils  from  litera¬ 
ture  search  and  as  determined  in  this  program  are: 


Alloy 

Tdm 

From  literature 
(*F) 

Approximate 

This  Program  ^ 
CF) 

Rane'  41 

1600 

1800 

Inconel  718 

1300 

1300 

Inconel  625 

1300 

2000 

Haynes  25 

1400 

1400 

TD  Nickel 

1600 

1600 

TD  Nickel/chromium 

1600 

2200 

1,  In  as-received  or  oxidized  conditions. 

The  percent  loss  in  tensile  properties  as  a  result  of  cyclic  oxidation  exposures 
was  highest  at  room  temperature  for  Inconel  625,  Haynes  25,  TD  Nickel,  and  TD 
Nickel/chromium,  and  at  T,^  (1600  and  1300*F)  for  Rene'  41  and  Inconel  718. 

The  room  temperature  tensile  or  fatigue  tests  are  the  most  e  tests  to 
determine  the  degradation  in  performance  due  to  oxidation  exposures.  The  room  tem¬ 
perature  elongation  of  the  program  alloys  is  the  property  most  affected  by  oxidation 
exposure. 
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Increasing  the  test  temperature  resulted  in  higher  creep  rates  and  a  decrease 
in  tensile  properties  and  fatigue  life. 

Increasing  the  oxidation  exposure  maximum  temperatimes  (TQX)  increased  the 
oxidation  rate  and  oxide  spalling,  decreased  the  tensile  properties  and  fatigue  life  at 
room  temperature  aRd  at  T(jm  for  each  of  the  four  alloys,  except  TD  Nickel /chromium. 
Microstructural  efforts  such  as  intergranular  oxidation  attack;  decarburization  for 
Rene1  41,  Inconel  718,  Inconel  625,  and  Haynes  25;  grain  growth  for  Inconel  718  and 
Haynes  25;  formation  of  an  alloy  depletion  layer  for  Rene'  41,  Inconel  625,  and  Haynes 
25;  and  oxide  formation  at  the  edges  for  all  the  six  alloys  were  also  more  pronounced 
with  higher  TOX- 

Decrease  in  exposure  pressure  from  760  to  0. 18  Torr  decreased  the  oxidation 
rate  and  spalling  of  the  oxides,  and  increased  the  room  temperature  fatigue  limit  for 
the  four  program  alloy  foils,  but  decreased  the  fatigue  limit  at  T(jm  by  25  percent  for 
Haynes  25  and  seven  percent  for  TD  Nickel.  The  main  effects  of  reduced  oxidation 
pressure  (0. 18  Torr)  were  on  the  Haynes  25  foil.  The  most  severe  pressure  condition 
for  TD  Nickel  was  760  Torr.  For  Inconel  625  and  TD  Nickel/chromium  there  were 
no  significant  effects  of  reduced  oxidation  pressure. 

The  main  effects  of  stress  in  mission  profile  tests  were  the  increased  creep 
and  the  loss  in  room  temperature  tensile  properties  for  the  six  program  alloys.  For 
Haynes  25,  the  microstructure  showed  needles  of  an  unidentified  phase  after  the 
2000°  F  -  0. 18  Torr  oxidation  exposure  in  the  stressed  condition.  For  TD  Nickel,  an 
applied  stress  of  one  ksi  in  the  2200® F  -  760  Torr  -  100-cycle  oxidation  exposure  re¬ 
sulted  in  a  five-mil  thick  substrate  compared  to  the  7.  5 -mil  thick  substrate  after  a 
similar  oxidation  exposure  with  no  stress. 

6.2  RECOMMENDATIONS 

The  following  selected  areas  of  investigation  that  will  enhance  the  knowledge 
of  the  limitation  of  foil  gage  alloys  for  use  in  reentry  structures  are: 

•  Study  the  specific  cause  for  high-percentage  loss  in  tensile  properties 
at  room  temperature  for  Inconel  625,  Haynes  25,  TD  Nickel,  and  TD 
Nickel/c'..  nrtium,  and  at  Tdm  for  Rene'  41  and  Inconel  718 

•  Investigate  preoxidation  as  a  means  of  increasing  the  high-temperature 
properties  of  foil  alloys. 

•  Study  the  mechanism  of  internal  oxidation  of  TD  Nickel  foil. 

•  Study  the  metallurgical  effect  of  TD  Nickel/chromium  that  results  in  & 
fatigue  limit  (for  0.  5  x  10®  cycles)  at  1600°F  which  is  higher  than  its  Ftu 
at  1600"  F.  The  study  of  high  strain  rate  tensile  tests  at  elevated  temper¬ 
atures  may  provide  an  insight  into  the  phenomenon. 


•  A  detailed  investigation  of  the  effects  of  reduced  pressure  on  the  creep 
rate  of  the  superalloy  foils.  There  is  an  indication  that  creep  rates  may 
increase  with  decreasing  pressure. 

An  evaluation  of  the  effects  of  stress  and  low  pressure  (0. 18  Torr)  on  the 
formation  of  an  unidentified  phase  (probably  CogW)  in  the  microstructure  of  Haynes  25 
during  oxidation  exposure  at  1800  or  2000*F  is  recommended. 


154 


REFERENCES 


1.  Yates,  L. ,  Selection  of  Refractory  Materials  for  High  L/D  Re-entry  Vehicles, 
SAE  Preprint  660658,  presented  at  Aeronautic  and  Space  Engineering  aud 
Manufacturing  Meeting,  Los  Angeles,  California  (Oct.  3-7,  1966). 


2.  Plank,  P.  P. ,  Hypersonic  Thermal-Structural  Concept  Trends.  Paper  presented 
at  Twelfth  Refractory  Composites  Working  Group  Meeting,  Denver,  Colorado 
(Oct.  17-19,  1966). 

3.  Rose,  F.  K. ,  Advanced  Methods  to  Test  Thin  Gage  Materials,  Third  Year 
Summary  Technical  Report  on  Contract  AF33(615)-1709  (October  1966).  Solar 
Division  of  International  Harvester  Company. 


Moore,  V.  S.  and  Stetson,  A.  R. ,  Evaluation  of  Coated  Refractory  Metal  Foils. 
Technical  Documentary  Report,  RTD-TDR-63-4006,  Part  H,  Contract 
AF33(657)-9443,  Solar  Division  of  International  Harvester  Company. 


Stuart,  R.  E. ,  "New  Design  Data  on  TD-Nickel' 
(August  1963),  pp.  81-83. 


6.  Wlodek,  S.  T. ,  "The  Oxidation  of  Rene’  41  and  Udimet  700".  Trans.  AIME, 

VoL  230  (August  1964),  pp.  1078-1090. 

7.  Sims,  C.  T. ,  "A  Contemporary  Review  of  Nickel-Base  Superalloys".  Journal 
of  Metals  (October  1966),  pp.  1119-1130. 

8.  Collins,  H.  E. ,  Microstructural  Instability  of  Nickel  Base  Superalloys.  Progress 
Report  No.  4,  Contract  AF33(615)-5126,  (July  1967). 

9.  Beck,  P.  A. ,  et  al,  "Intermediate  Phases  in  the  Mo-Fe-Co,  Mo-Fe-Ni  and 
Mo-Ni-Co  Ternary  Systems",  AIME  Trans.  VoL  215  (1959),  p.  648. 

10.  Collins,  H.  E. ,  Microstructural  Instability  of  Nickel  Base  Superalloys.  Progress 
Report  No.  1,  Contract  AF33(615)-5126,  (October  1966). 

11.  Beattie,  J.  H.  Jr. ,  and  Hagel,  W.  C. ,  "Intergranular  Precipitation  of  Intermetalllc 
Compounds  in  Complex  Austenitic  Alloys".  Trans.  AIME  Vol.  221  (February 
1961),  pp.  28-35. 


155 


REFERENCES  (Cont) 


12.  Collins,  H.  E. ,  Mlcrostructural  Instability  of  Nickel  Base  Superalloys.  Progress 
Report  No.  5,  Contract  AF33(615)-5126  (October  1967). 

13.  Kvernes,  L  ,  Studies  on  the  Behavior  of  Nickel  Base  Superalloys  at  High 
Temperatures.  USAF  Contract  F61052  67  C0057,  Central  Institute  for  Industrial 
Research,  Blindern,  Oslo,  Norway.  (1  November  1966  -  31  October  1967). 

14.  Cole,  F.  W. ,  Padden,  J.  B. ,  and  Spencer,  A.  R. ,  Oxidation  Resistant  Materials 
for  Transpiration  Cooled  Gas  Turbine  Blades.  NASA  CR-930,  Bendix  Corporation 
(February  1968). 

15.  Sims,  C.  T. ,  "Structural  Stability  in  Ni-2Th02  Alloy".  Trans.  AIME  Vol.  220 
(December  1963),  pp.  1455-1457. 

16.  DMIC  Technical  Note  "TD  Nickel-Chromium".  Battelle  Memorial  Institute, 
Columbus,  Ohio  43201  (November  2,  1967). 

17.  Johnson,  R. ,  Jr. ,  Dispersion  Strengthened  Metal  Structural  Development. 

Douglas  Aircraft  Company,  Contract  F33615-67-C-1319,  Interim  Progress 
Report  No.  3  (November  1967). 

18.  Wasielewski,  G.  E. ,  Nickel-Base  Superalloy  Oxidation.  Contract  AF33(615) -2 861, 
Final  Report,  General  Electric  Co.  ,  January  1967). 

19.  Waoielewskl,  G.  E. ,  Oxidation  of  Nickel  and  Cobalt  Superalloys.  State-of-the-Art 
Review,  General  Electric  Co.,  Cincinnati,  Ohio,  Report  No,  R68AEG141. 


166 


APPENDIX 


A  SUMMARY  OF  SEVERAL  PROPERTIES  OF  THE  AVAILABLE 
PROGRAM  ALLOYS  FROM  PHASE  I  LITERATURE  REVIEW 


A  SUMMARY  OF  SEVERAL  PROPERTIES  OF  THE  AVAILABLE 
PROGRAM  ALLOYS  FROM  PHASE  I  LITERATURE  REVIEW 


Collected  data  concerning  the  nine  available  superalloy  foils  are  presented 
in  groups  of  five  tables  for  each  alloy. 

1.  Short-Time  Tensile  Property  Summaries  -  This  includes  ultimate, 
yield,  notch  tensile,  tensile-shear,  and  impact  strengths  at  room 
temperature  and  elevated  temperatures,  before  and  after  oxidation 
exposures. 

2.  Axial  Tensiln-Tension  Fatigue  Life  Property  Summaries  -  This  in¬ 
cludes  room  temperature  and  elevated  temperature  fatigue  life 
(cycles  x  103)  at  various  stress  levels.  Where  no  axial  tension- 
tension  fatigue  data  are  available,  rotating-beam  fatigue  life  is  pre¬ 
sented  (where  available). 

3.  Creep  Strength  Property  Summaries  -  Presentation  of  creep  data 
has  been  oriented  to  determine  the  stress  required  to  produce  one 
percent  and  five  percent  total  strain  in  30  to  40  hours  at  elevated 
temperatures. 

4.  Oxidation  Resistance  Property  Summaries  -  Rate  constants  and  the 
extent  of  internal  oxidation  and  alloy  depletion  have  been  listed  where 
available.  In  some  cases  oxidation  is  reported  as  a  percent  uveight 
change  or  the  amount  of  surface  recession  after  various  times  at 
several  temperatures. 

5.  Total  Normal  Emittance  Property  Summaries  -  The  condition  of  the 
alloy  surface,  the  test  method  employed,  and  the  calculated  total 
normal  emittance  at  several  temperatures  are  listed  where  the  data 
are  available. 
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SHORT-TIME  TENSILE  PROPERTY  SUMMARY  -  ILASTELLOY  X 

(References  1,  2} 
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Isothermaily  oxidized  at  indicated  temperature  for  indicated  time 

Cycled  in  air  between  bOO  and  1900  F  for  indicated  number  of  cycles  at  indicated  load  (length  of  cycle  not  given) 

Cycled  hourly  in  air  between  room  temperature  and  1800  F  for  indicated  number  of  cycles  at  10  percent  to  25  percent  of  room  temperature  F(y  (55  leaf) 


TABLE  2-A 


AXIAL  TENSION  -  TENSION  FATIGUE  IJFE  PROPERTY  SUMMARY  -  HASTELLOY  X 

(References  1,  2) 


Condition 

90LUTION  HEAT-TREATED  (SHT)  AT 
2150  F  AND  RAPID  AIR  COOLED 


SHT,  OXIDIZED'  ' 

26  cycles  -  0. 1  to  0. 25 %  Fjy 


1.  Cycled  hourly  in  air  between  room  temperature  and  1800  F  for  indicated  mm 
ber  of  cycles  at  10  percent  to  25  percent  of  room  temperature  Fty  (65  ksi) 

2.  1560  cpm 


Thick-  Test 
ness  Direc- 
(in, )  tion 

Test 

Tem¬ 

pera¬ 

ture 

<F) 

__  ... 

Maxi¬ 

mum 

Stx-ess 

(ksi) 

Number 

of 

Cyclesi1 2) 
(x  203) 

0.010  L 

70 

65 

7000 

T 

70 

65 

1600 

L 

70 

100 

' 

50  (115) 

T 

70 

100 

1 

70 

L 

75 

1 

100 

i _ 

39 

. 

TABLE  3-A 


CREEP  STRENGTH  PROPERTY  SUMMARY  -  HASTELLOY  X 

(References  1,  2) 


OXIDATION  PROPERTY  SUMMARY  -  HASTELLOY  X 

(Reference  3) 


TABLE  5-A 


TOTAL  NORMAL  EMITTANCE  PROPERTY  SUMMARY  -  HASTELLOY  X 

(References  1,  2,  4) 


Test 

Calculated 

Tern- 

Total 

perature 

Normal 

Condition 

Test  Method 

(F) 

Emittance 

SOLUTION  HEAT-TREATED 

Normal  spectral  reflec- 

RT 

0.186  (0.31) 

(SHT)  AT  2150  F  AND 

tance  0.3  to  32p  range 

RAPIDLY  AIR  COOLED 

integrated  with  black- 

1400 

0.336 

body  curves 

1700 

0.353 

2000 

0.368 

OXIIXZED*1* 

Normal  spectral  reflec¬ 
tance  0.3  to  32p  range 

RT 

0.613 

6  cycles 

integrated  with  black- 

1400 

0.701 

body  curves 

1700 

0.712 

2000 

0.722 

STABLY  OXIDIZED  AT 

Hemispherical  total 

1000 

0.86 

2000  F 

emittance,  comparison 
blackbody 

1600 

0.88 

2000 

0.88 

STABLY  OXIDIZED  AT 

Hemispherical  total 

80 

0.72 

2200  F 

emittance,  comparison 
blackbody 

1.  Cycled  hourly  In  air  between  room  temperature  and  1800  F  at  10  percent 
and  25  percent  of  room  temperature  Fty  (65  ksi) 


TABLE  2-B 


AXIAL  TENSION -TENSION  FATIGUE  LIFE  PROPERTY  SUMMARY  -  INCONEL  625 

No  data  available  to  date. 


TABLE  3-B. 

ROTATING-BEAM  FATIGUE  LIFE  PROPERTY  SUMMARY,  INCONEL  625 

(Reference  5) 


Condition 

Thickness 

(in.) 

Test 

Direction 

Test 

Temperature 

(F) 

Maximum 

Stress 

(ksi) 

Number  of 
Cycles 
(x  103) 

HOT-ROLLED  BAR 

0. 625  dia. 

Unknown 

85 

72 

100 

Solution  annealed 

at  2100F 

85 

68 

1,000 

85 

67 

10,000 

1000 

64 

100 

63 

1,000 

1000 

62 

10,000 

1200 

58 

100 

1200 

55 

1,000 

1200 

55 

10,000 

1400 

50 

100 

1400 

45 

1 

1400 

45 

1 

1600 

39 

1600 

32 

TABLE  4-B 


CREEP  STRENGTH  PROPERTY  SUMMARY  -  INCONEL  625 

(Reference  5) 


Condition 

Thickness 

(in.) 

Test 

Direction 

Test 

Temperature 

(F) 

Stress 

(ksi) 

Time 

(hr) 

Strain 

<%) 

SHEET 

Solution  annealed 

Unknown 

Unknown 

1200 

52 

100 

1 

at  2100F 

1200 

56 

100 

5 

1400 

18 

100 

1 

1400 

22 

100 

5 

1600 

5 

100 

1 

1600 

8 

100 

5 
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TABLE  5-B 


OXIDATION  RESISTANCE  PROPERTY  SUMMARY  -  INCONEL  625 

(Reference  5) 


Condition 

Thickness 

(in.) 

Hours  of 
Cyclic 
Exposure^) 

Test 

Temperature 

(F) 

Change  in 
Weight 
(%) 

Unknown 

Unknown 

100 

1800 

+0.086 

100 

2000 

-0.182 

200 

1800 

+0.065 

200 

2000 

-1.086 

300 

1800 

0.065 

300 

2000 

-3.335 

400 

1800 

+0.048 

400 

2000 

-5.399 

500 

1800 

+0.021 

500 

2000 

-6.566 

600 

2000 

-10.066 

1.  Cycles  of  15  minutes  heating.  5  minutes  cooling 


TABLE  6-B 

TOTAL  NORMAL  EMITTANCE  PROPERTY  SUMMARY  -  INCONEL  625 

No  data  available  to  date. 
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IsaihcrmaUy  onadneri  lor  Indicated  tta*  at  Indicated  temperature 

1  sothermxjjjr  oxidized  at  ladles tod  tfapertnm  Lb  Indicated  air  atmosphere.  As  received  properties  -  Ftu  143  ksl,  Fjy  70  ket,  Elongation  S3  percent,  E  30  X  10*  pel 
C harpy  3C.0  loot-pounds 


TABLE  2-C 


AXIAL  TENSION-TENSION  FATIGUE  LIFE  PROPERTY  SUMMARY  -  HAYNES  25 

(Reference  9) 


Condition 

Thickness 

(in) 

Test 

Direction 

Test 

Temperature 

<F) 

Maximum 

Stress 

(ksi) 

Number  of 
Cycles 
(x  103) 

Unknown 

Unknown 

Unknown 

1500 

30 

100,000 

1500 

40 

10,000 

1800 

13 

100,000 

1800 

15 

10,000 

1800 

20 

1,000 

TABLE  3-C 


CREEP  STRENGTH  PROPERTY  SUMMARY  -  HAYNES  25 

(Reference  9) 


Condition 

Thick¬ 

ness 

(in) 

Test 

Direction 

Tempera¬ 

ture 

(F) 

Stress 

(ksi) 

Time 

(hr) 

Strain 

(%) 

SOLUTION  HEAT-TREATED 

Unknown 

Unknown 

1500 

19 

10 

0.74 

AT  2250F  AND  RAPIDLY 

AIR  COOLED 

1500 

19 

50 

2.00 

1500 

21.5 

50 

4.73 

1600 

12 

10 

0.45 

1600 

12 

50 

1.14 

1700 

10 

10 

0.38 

1700 

10 

50 

1.25 

1800 

6 

10 

0.46 

1800 

6 

50 

1.28 

TABLE  4-C 


OXIDATION  RESISTANCE  PROPERTY  SUMMARY  -  HAYNES  25 

(Reference  10) 


Condition 

Thickness 

(in.) 

Temperature 

(F) 

Exposure 

Time 

(hr) 

Total  Penetration 
(uniform  and  intergranular) 
rails 

Unknown 

Sheet 

1600 

50 

0.13 

100 

0.20 

1800 

50 

1.25 

100 

1.62 

2000 

25 

2.00 

100 

TABLE  5-C 

TOTAL  NORMAL  EMITTANCE  PROPERTY  SUMMARY  -  HAYNES  25 

(Reference  4) 


Condition 

Teat  Method 

Test 

Temperature 

<F> 

Calculated 

Total  Normal  Emittance 

STABLY  OXIDIZED 

Hemispherical  total 

1000 

0.85 

AT  2000 F 

emittance.  com  par- 

ison  blackbody, 

1200 

0.86 

measured  in  air 

No  data  available  to  date. 


TABLE  3-D 


CREEP  STRENGTH  PROPERTY  SUMMARY  -  HASTELLOY  C 

(Reference  11) 


TABLE  4-D 

OXIDATION  RESISTANCE  PROPERTY  SUMMARY  -  HASTELLOY  C 

(Reference  12) 


Condition 

Thickness 

(In.) 

Exposure 

Time 

(hr) 

Test  Tem¬ 
perature 
(F) 

Change  in 
Weight 
<%> 

Alloy- 

Consumed 

(mils) 

Unknown 

Unknown 

7 

1200 

o.co 

0.1 

50 

1200 

0.04 

0.4 

5 

1500 

0.00 

0.4 

50 

1500 

0.04 

0.2 

5 

1800 

0.08 

0.5 

50 

1800 

— 

0.21 

0.5 
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TABLE  5-D 


TOTAL  NORMAL  EMITTANCE  PROPERTY  SUMMARY  -  HASTELLOY  C 

(Reference  4) 


Test 

Calculated 

Tem- 

Total 

perature 

Normal 

Condition 

.  ■ 

Test  Method 

<F) 

Emiltance 

POLISHED,  8  MICROINCHES 

Normal  total  emitfcance , 

400 

0.13 

RMS  AVERAGE 

resistance-heated 

specimens,  compari¬ 
son  blackbody,  meas- 

1000 

0,20 

ured  in  vacuum 

1400 

0.27 

1 

1 

1600 

0.32  I 

l 

1 

1 

1700 

I 

0.35 

STABLY  OXIDIZED  AT  2000  F 

Hemispherical  total 
emiltance,  comparison 

600 

0.90 

blackbody,  measured 

1000 

0.90 

in  air 

1200 

0.91 

1400 

0.92 

1600 

0.93 

1800 

0.95 

2000 

n.96 

2100 

0.97 

I 
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TABLE  2-E 


AXIAL  TENSION-TENSION  FATIGUE  LIFE  PROFERTY  SUMMARY  -  INCONEL  600 

No  data  available. 

TABLE  3-E 


ROTATING-BEAM  FATIGUE  LIFE  PROPERTY  SUMMARY  -  INCONEL  600 

(Reference  13) 


Test 

Maxi- 

Tem- 

mum 

Number  of 

Thickness 

Test 

perature 

Stress 

Cycles^1' 

Condition 

i 

(in.) 

Direction 

(F) 

(ksi) 

(x  103) 

| 

[  SOLUTION  HEAT- 

UzJaown 

Unknown 

RT 

49 

100,000 

!  TREATED  AT  2225  F 

|  AND  A©.  COOLED 

i 

1000 

42 

100,000 

1200 

27 

100,000 

14.00 

16 

100,000 

1600 

10 

100,000 

1800 

J 

7 

■ 

100,000 

1.  3450  rpm 

TABLE  4-E 


CREEP  STRENGTH  PROPERTY  SUMMARY  -  INCONEL  600 

(Reference  14) 


Condition 

Thickness 

(in.) 

Test 

Direction 

Test 

Tem¬ 

perature 

(F) 

Stress 

(ksi) 

Time 

(hrs) 

Strain 

(%) 

SOLUTION  HEAT- 

Sheet 

Unknown 

1300 

17 

100 

rupture 

TREATED  AT  2225  F 

AND  AIR  COOLED, 

1400 

12 

100 

rupture 

BAR 

1600 

5 

100 

rupture 

1800 

3 

100 

rupture 

2000 

1 

100 

rupture 

TABLE  5-E 


OXIDATION  RESISTANCE  PROPERTY  SUMMARY  -  INCONEL  600 

(Reference  5) 


Condition 

'  1  “ 

Thickness 

(in.) 

~ - 

Hours  of 
Cyclic 
Exposure^1) 

Test 

Tem¬ 

perature 

(F) 

Change  in 

Weight 

(%> 

Unknown 

Unknown 

100 

1800 

+0.154 

100 

2000 

-0.144 

200 

1800 

+0.179 

200 

2000 

-2.962 

300 

1800 

+0.185 

300 

2000 

-10. 789 

400 

1800 

+0.163 

400 

2000 

-19.718 

500 

1800 

+0.029 

500 

2000 

-27. 189 

600 

2000 

-34.957 

700 

1800 

-1.223 

1000 

1800 

-2.877 

1.  Cycles  of  15  minutes  heating, 

5  minutes  cooling 
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TABLE  6-E 


TOTAL  NORMAL  EMITTANCE  PROPERTY  SUMMARY  -  INCONEL  600 

(Reference  4) 


Test 

Calculated 

Temperature 

Total  Normal 

Condition 

Test  Method 

<F) 

Emittance 

AS  ROLLED 

Normal  total  emittance, 
resistance-heated 

800 

0.27 

specimens,  comparison 
blackbody,  measured  in 

1000 

0.29 

air 

1200 

0.40  1 

1400 

0.59 

STABLY  OXIDIZED 

Normal  total  emittance, 

800 

0.76 

AT  2000F 

resistance-heated 

specimens,  comparison 
blackbody,  measured  in 

1000 

0.78 

air 

1200 

0.81 

1400 

0.83 

1600 

0.85 

1800 

0.87 

2000 

0.90 
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TABLE  2-F 

AXIAL  TENSION-TENSION  FATIGUE  LIFE  PROPERTY  SUMMARY  -  INCONEL  718 

No  data  available  to  date. 

TABLE  3-F 


CREEP  STRENGTH  PROPERTY  SUMMARY  "  INCONEL  718 

(Reference  15) 


Condition 

Thickness 

(in.) 

Test 

Direction 

Test 

Tempera¬ 
ture  (F) 

Stress 

(ksi) 

Time 

(hr) 

Strain 

<%> 

MILL  ANNEALED  PLUS 

0.063 

Unknown 

1150 

100 

120 

0.5 

SOLUTION  HEAT- 

TREATED  1  HR  AT 

100 

170 

1.0 

1700F,  AIRCOOLED 

AND  AGED  FOR  16 

100 

230 

5.0 

HR  AT  1325F, 

AIR  COOLED 

1250 

50 

79 

0.2 

50 

230 

0.5 

1300 

25 

123 

0.2 

25 

317 

0.4 

TABLE  4-F 

OXIDATION  RESISTANCE  PROPERTY  SUMMARY  -  INCONEL  718 

No  data  available  to  date. 

TABLE  5-F 

TOTAL  NORMAL  EMITTANCE  PROI  ERTY  SUMMARY  -  INCONEL  718 

No  data  available  to  date. 
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SHORT-TIME  TENSILE  PROPERTY  SUMMARY  -  RENE  41 
(References  2,  6,  7,  16) 


Iiobemillji  oxidized  at  Itv  -ca led  temperature  for  Indicated  time 

Cycle  A  -  1  hour/1350F,  heat  to  18751  :a  30  seconds.  15  seconds/  1875F.  cool  to  1350F  la  30  aecocda 
Cycle  B  -  1  hour  13S0F,  heat  to  1750F  lo  30  aecooda.  15  aecocda/ 1750 F,  cool  to  1350F  In  30  seconds 

Iaotherm.illy  oxidized  at  Indicated  temperature  to  Indicated  air  atmosphere.  As  received  properties  -  F  152  ksf,  F  95  ksl,  Elongation  43  percent,  E  28  x  10®  pel. 
Cturpy  17  foot-pound#  “  ^ 


TABLE  2-G 


AXIAL  TENSION- TENSION  FATIGUE  LIFE  PROPERTY  SUMMARY  -  RENE  41 

(Reference  2) 


' 

Test 

Maximum 

Number  of 

Thickness 

Test 

Temper- 

Stress 

Cycles(l) 

Condition 

(in.) 

Direction 

ature  (F) 

(ksi) 

(x  103) 

SOLUTION  HEAT-TREATED 
AT2150F,  MR  COOLED, 

0.010 

T 

72 

40 

6300 

AGED  4  HR  ^T  1650F,  AND 

AIR  COOLED 

45 

1246 

50 

955 

55 

551 

60 

320 

70 

193 

80 

96 

85 

84 

95 

59 

105 

20 

i  .  . . . 

_ 

109 

5 

Jl.  1560  cpm 

TABLE  3-G 


CREEP  STRENGTH  PROPERTY  SUMMARY  -  RENE  41 

(Reference  2) 


Condition 

Thick¬ 

ness 

(in.) 

— 

Test 

Direction 

— 

Test 
Temper¬ 
ature  (F) 

Stress 

(ksi) 

Time 

(hr) 

Strain 

(%> 

SOLUTION  HEAT-TREATED 

0.010 

T 

1600 

15 

100 

0.9 

AT  2150F,  AIR  COOLED, 

AGED  4  HR  AT  1650F.  AND 

1600 

16 

81 

1.0 

AIR  COOLED 

17 

37 

1600 

19 

39 

1600 

20 

34 

1600 

22 

16 

1600 

23 

14 

1900 

1 

95 

1900 

2 

18 

,.o 

1900 

3 

17 

1.0 

V 


1 


TABLE  5-G 


Xyv-Hs  ■:.>*>  T'«* 


TOTAL  NORMAL  EMJTTANCE  PROPERTY  SUMMARY  -  RENE  41 

(Reference  2) 


Condition 

Test  Method 

Test 

Temper¬ 
ature  (F) 

Calculated 

Total 

Normal 

Emittance 

SOLUTION  HEAT-TREATED 
(SHT)  AT  2150F,  AIR  COOLED 
(AC),  AGED  4  HR  AT  1650F, 
AND  AIR  COOLED 

Calculated  by  taking  the 
specimen  to  black 
reference  ratio  of 
radiometer  outputs  in 
millivolts.  Corrected 
for  nonlinearity  of  the 
cold  radiometer  and 
the  0. 95  emittance  of 
the  black  reference 

80 

0.36 

SHT,  AIR  COOT.FD,  AGED 

4  HR  AT  1G50F.  AIR  COOLED, 

,  AND  STABI.Y  OXIDIZED 

2200F 

Calculated  by  taking  the 
specimen  to  black 
reference  ratio  of 
radiometer  outputs  in 
millivolts.  Corrected 
for  nonlinearity  of  die 
cold  radiometer  and 
the  0. 95  emittance  of 
the  black  reference 

80 

0.63 

SHORT-TIME  TENSILE  PROPERTY  SUMMARY  ~  TD  Ni 
(References  1,  2,  6,  18) 


Cycled  la  air  taMMa  9M  ud  UMf  for  tirUratart  needier  of  cycle*  at  indicated  load  (length  of  cycle  not  given) 

bother  mail?  nritef  at  ladfoatad  teaperatf  (a  fodlcatad  air  atmosphere.  Aa  received  properties  •  62  kci,  Fty  42  kei.  Elongation  17  percent.  E  16  ic  10”  pel. 


TABLE  2-H 


AXIAL  TENSION-TENSION  FATIGUE  LIFE  PROPERTY  SUMMARY  -  TD  Ni 

(References  1,  2,  19) 


Condition 

Thick¬ 

ness 

(in.) 

Test 

Direc¬ 

tion 

Test 

Temper¬ 

ature 

(F) 

Maxi¬ 

mum 

Stress 

(ksi) 

Number 

m 

Cycles'1' 
(x  103) 

ANNEALED 

0.010 

L 

70 

74 

1 

70 

74 

10 

70 

70 

100 

70 

58 

70 

50 

5000 

T 

70 

72 

5 

70 

69 

10 

70 

62 

100 

70 

54 

1000 

70 

48 

5000 

0.060 

T 

RT 

64 

1 

RT 

63 

10 

RT 

59 

100 

RT 

50 

1000 

RT 

45 

5000 

1600 

23 

1 

1600 

22 

10 

1600 

21 

100 

1600 

18 

1000 

1600 

16 

1800 

17 

HU 

1800 

17 

10 

1800 

16 

100 

1800 

14 

1 

1800 

12 

5000 

ANNEALED  AND  OXIDIZED*2* 

6  cycles  -  0. 1  to  0. 25 

0.010 

L 

75 

65 

8 

1.  1560  cpm 

2.  Cycled  hourly  in  air  between  room  temperature  and  2160F  for  indicated  number 
of  cycles  at  10  percent  and  25  percent  of  room  temperature  Fty  (47  ksi) 


n-  '3W 
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TABLE  3-H 


CREEP  STRENGTH  PROPERTY  SUMMARY  -  TD  Ni 
(References  1,2) 


Condition 

Thickness 

(in.) 

- 

Test 

Direction 

Test 

Temperature 

(F) 

Stress 

(ksi) 

Time 

(hr) 

Strain 

<%> 

ANNEALED 

0.010 

L 

75 

8 

100 

0.14 

T 

1600 

8 

100 

0.67 

1600 

9 

86 

0.52 

1600 

10 

10 

0.50 

1600 

11 

4 

0.39 

1600 

12 

0.6 

0.53 

1600 

15 

0.3 

0.60 

1900 

6 

57 

0.68 

1900 

7 

7 

0.86 

1900 

8 

<1 

0.21 

ANNEALED  AND 
OX!DIZED<1> 

6  cycles  -  0. 1 
to  0»  25  F^y 

0.010 

L 

75 

8 

100 

0.04 

1.  Cycled  hourly  in  air  between  room  temperature  and  1800F  for  indicated 
number  of  cycles  at  10  percent  to  25  percent  of  room  temperature 
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TABLE  4-H 


OXIDATION  RATE  PROPERTY  SUMMARY  -  TD  Ni 
(Reference  20) 


Condition 

Thickness 

(in.) 

Temperature 

<F) 

Observed 

Rate  Constants 
Kp,  (mgVcmVsec) 

Surface  Recession 
in  100  Hours 
(mils/side) 

ANNEALED  1  HR 

mmm 

1652 

2.8x  10‘2 

AT  1868F  IN 

1 

VACUUM 

1832 

2.2  x  10'1 

2012 

8.7  x  10'1 

1.9 

■ 

2192 

4.5 

3.4 

■ 

2372 

13.4 

6.8 

TABLE  5-H 

TOTAL  NORMAL  EMITTANCE  PROPERTY  SUMMARY  -  TD  Ni 

(Reference  1) 


Condition 

Test  Method 

Test 

Temperature 

(F) 

Calculated 

Total  Normal  Emittance 

ANNEALED 

Normal  spectral  reflectance 

RT 

0.076 

0.3  to  32P  range  Integrated 

with  blackbody  curves. 

1400 

0.187 

1700 

0.224 

0.245 

OXIDIZED*1) 

6  cycles 

Normal  spectral  reflectance 

RT 

0.485 

0.3  to  32 M  range  integrated 

with  blackbody  curves. 

1400 

0.574 

1700 

0.592 

0.612 

1.  Cycled  hourly  In  air  between  room  temperature  and  2160F  for  indicated  number 
of  cycle*  at  10  percent  and  25  percent  of  room  temperature  Fjy  (47  k*i) 


SHORT-TIME  TENSILE  PROPERTY  SUMMARY  -  TD  NiC 
(References  21,  22) 


TABLE  2-J 


AXIAL  TENSION-TENSION  FATIGUE  LIFE  PROPERTY  SUMMARY  -  TD  NiC 

No  data  available  to  date. 


TABLE  3-J 

CREEP  STRENGTH  PROPERTY  SUMMARY  -  TD  NiC 
(Reference  21) 


Condition 

Thickness 

(in.) 

T<?st 

Direction 

Test 

Temperature 

(F) 

Stress 

(ksi) 

Time 

(hr) 

Strain 

(%) 

Unknown 

Sheet 

L 

1200 

28 

100 

rupture 

T 

1200 

23 

100 

rupture 

L 

1400 

21 

100 

rupture 

T 

1400 

18 

100 

rupture 

L 

1600 

17 

100 

rupture 

T 

1600 

IS 

100 

rupture 

L 

1800 

12 

100 

rupture 

T 

1800 

10 

100 

rupture 

L 

2000 

9 

100 

rupture 

T 

2000 

7 

100 

rupture 

TABLE  4-J 

OXIDATION  RATE  PROPERTY  SUMMARY  -  TD  NiC 
(Reference  22) 


Condition 

Thickness 

(in.) 

Test 

Temperature 

(F) 

Test 

Pressure 

Torr 

Exposure 

Time 

(hr) 

Avg  Thickness 
Change 
(%) 

Weight 

Change 

(%) 

Unknown 

0.024  to  0.028 

1600 

760 

96 

+1.6 

+0.05 

1900 

760 

24 

+0.6 

+0.10 

1900 

760 

96 

+0.6 

-13.90 

1900 

0.18 

24 

+1.8 

-0.20 

1900 

0.18 

96 

+2.2 

-3.45 

2200 

760 

24 

+3.4 

+0.20 

2200 

760 

96 

+6.2 

+0.05 

2200 

0.18 

24 

+2.6 

-0.45 

2200 

0.18 

96 

+  1.0 

-0.15 

TABLE  5-J 

TOTAL  NORMAL  EMITTANCE  PROPERTY  SUMMARY  -  TD  NiC 

(Reference  21) 


Condition 

Test  Method 

Test 

Temperature 

(F) 

Calculated 

Total  Normal  Emittance 

HEATED  IN  AIR 

Unknown 

600 

0.08 

800 

0.15 

1000 

0.18 

1200 

0.18 

1500 

0.30 

1700 

0.44 

2000 

0. 57 
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